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Abstract
The continuous miniaturization of the feature sizes in ultra large scale integrated circuits
(ULSI) causes an increase of the resistance of the wiring system by increased scattering
of electrons at side walls and grain boundaries in the state of the art Cu technology, which
increases the RC delay of the interconnect system and thus degrades the performance of the
device. The outstanding properties of carbon nanotubes (CNT) such as a large mean free
path, a high thermal conductance and a large resistance against electromigration make them
an ideal candidate to replace Cu in future feature nodes.
The present thesis contributes to the preparation and properties of CNT based vertical
interconnections (vias). In addition, all processes applied during the fabrication are compat-
ible to ULSI and an interface between CNT based vias and a Cu metallization is studied.
The methodology for the evaluation of CNT based vias is improved; it is highlighted that by
measuring the resistance of one multiwall CNT and taking into account the CNT density, the
performance of the CNT based vias can be predicted accurately. This provides the means for
a systematic evaluation of different integration procedures and materials.
The lowest contact resistance is obtained for carbide forming metals, as long as oxidation
during the integration is avoided. Even though metal-nitrides exhibit an enhanced contact
resistance, they are recommended to be used at the bottom metallization in order to minimize
the oxidation of the metal-CNT contact during subsequent processing steps. Overall a
ranking for the materials from the lowest to the highest contact resistance is obtained:
Ta < Ti < TaN < TiN « TiO2 « Ta2O5
Furthermore the impact of post CNT growth procedures as chemical mechanical pla-
narization, HF treatment and annealing procedures after the CNT based via fabrication are
evaluated.
The conductance of the incorporated CNTs and the applicable electrical transport regime
relative to the CNT quality and the CNT length is discussed. In addition, a strong correlation
between the temperature coefficient of resistance and the initial resistance of the CNT based
vias at room temperature has been observed.
Keywords
Carbon nanotube (CNT), Integration, Interconnect, Metal, Chemical vapor deposition (CVD),
Atomic Force Microscopy (AFM), Raman spectroscopy, Electrical transport, Transmission
electron microscopy (TEM), Contact, Temperature coefficient of resistance (TCR)
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Referat
Die kontinuierliche Miniaturisierung der charakteristischen Abmessungen in hochintegrier-
ten Schaltungen (ULSI) verursacht einen Anstieg des Widerstandes im Zuleitungssystem
aufgrund der erhöhten Streuung von Elektronen an Seitenwänden und Korngrenzen in der
Cu-Technologie, wodurch die Verzögerungszeit des Zuleitungssystems ansteigt. Die herausra-
genden Eigenschaften von Kohlenstoffnanoröhren (CNT), wie eine große mittlere freie Weg-
länge, hohe thermische Leitfähigkeit und eine starke Resistenz gegenüber Elektromigration
machen diese zu einem idealen Kandidaten, um Cu in zukünftigen Technologiegenerationen
zu ersetzen.
Die vorliegende Arbeit beschreibt die Herstellung und daraus resultierenden Eigenschaften
von Zwischenebenenkontakten (Vias) basierend auf CNTs. Alle verwendeten Prozessierungs-
schritte sind kompatibel mit der Herstellung von hochintegrierten Schaltkreisen und eine
Schnittstelle zwischen den CNT Vias und einer Cu-Metallisierung ist vorhanden. Insbeson-
dere das Verfahren zur Evaluierung von CNT Vias wurde durch den Einsatz verschiedener
Methoden verbessert. Insbesondere soll hervorgehoben werden, dass durch die Messung des
Widerstandes eines einzelnen CNTs, bei bekannter CNT Dichte, der Via Widerstand sehr
genau vorausgesagt werden kann. Dies ermöglicht eine systematische Untersuchung des
Einflusses der verschiedenen Prozessschritte und der darin verwendeten Materialien auf den
Via Widerstand.
Der niedrigste Kontaktwiderstand wird für Karbidformierende Metalle erreicht, solange
Oxidationsprozesse ausgeschlossen werden können. Obwohl Metallnitride einen höheren
Kontaktwiderstand aufweisen, sind diese für die Unterseitenmetallisierung zu empfehlen,
da dadurch die Oxidation der leitfähigen Schicht minimiert wird. Insgesamt kann eine
Reihenfolge beginnend mit dem niedrigsten zum höchsten Kontaktwiderstand aufgestellt
werden: Ta < Ti < TaN < TiN « TiO2 « Ta2O5
Desweiteren wurde der Einfluss von Verfahren nach dem CNT Wachstum wie die chemisch-
mechanische Planarisierung, eine HF Behandlung und einer Temperaturbehandlung evaluiert,
sowie deren Einfluss auf die elektrischen Parameter des Vias untersucht.
Die Leitfähigkeit der integrierten CNTs und die daraus resultierenden elektrischen Trans-
porteigenschaften in Abhängigkeit der CNT Qualität und Länge werden besprochen. Ebenso
wird die starke Korrelation zwischen dem Temperaturkoeffizienten des elektrischen Wi-
derstandes und des Ausgangswiderstandes der CNT basierten Vias bei Raumtemperatur
diskutiert.
Stichworte
Kohlenstoffnanoröhre (CNT), Integration, Leitbahn, Metall, Chemische Dampfphasenab-
scheidung (CVD), Rasterkraftmikroskopie (AFM), Ramanspektroskopie, Elektrischer Trans-
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The announcement of the invention of the bipolar transistor by the bell laboratories
in 1948 is considered as the starting point of the digital age today [1]. The transistor
principle of the metal-oxide-semiconductor field effect transistor (MOSFET) and
the associated complementary metal-oxide-semiconductor technology (CMOS),
published in 1963 [2], enabled the construction and continuing miniaturization of
integrated circuits, which lead to modern devices. While initially the MOSFET
showed a worse performance than the bipolar junction transistor, the performance
and switching speed of a MOSFET improves with reduced dimensions [3], which
lead to the incorporation of more and more transistors per area over the years.
Gordon Moore, one of the founders of Intel, predicted in 1965 that the number of
components per integrated circuit will double each year [4]. In 1971 Intel released
the first commercial micro processor with 2300 transistors per silicon chip [3]. By the
year 1990, the Intel 80486 microprocessor chip contained already above 106 devices
[3], while the Intel Core i7-4770S processor released in 2013 has incorporated 1.1
trillion transistors per chip [5]. This illustrates that the exponential scaling of Moores
law is still valid today, even though the number of components per integrated circuit
is only expected to double within two years [6].
The CMOS devices in the routinely fabricated ultra large scale integrated circuits
(ULSI) have to be combined through the wiring system, to distribute signals and
provide the required electrical connections [6] without reducing the performance of
the components within the system. The metallization system consists of horizontal
connections (lines) and vertical connections (vias).
Within the current technology the interconnect system is limiting the overall chip
performance [6], because the time delay of the chip is predominantly determined by
the time delay of the metallization system τIC, which can be expressed by Equation
1.1:
τIC = Rmetal ∗Ccoupl (1.1)
Here Rmetal expresses the resistance of the interconnect line and Ccoupl the coupling
capacitance between two adjacent wires. During miniaturization, more densely pact
structures are created causing an increase of the capacitance due to crosstalk. One
way to counterbalance this effect is the replacement of SiO2 in older technologies,
with so called low-k materials, like non-porous carbon, flouron doped silica or
polymers [7–9]. Those materials have a lower dielectric constant and thus reduce the
coupling capacitance between adjacent lines. Even the implementation of air gaps as
isolating material has been evaluated [10, 11].
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1. Introduction
Also the resistance of the metallization lines should be reduced to improve the chip
performance. Partially, this was done by replacing Al, with a specific resistivity of
2.7 µΩcm [12], with the less resistive metal Cu which has a bulk specific resistivity
of 1.7 µΩcm [12]. However, at small dimensions this value starts to increase
significantly due to surface and grain boundary scattering effects as illustrated in
Figure 1.1 [13].
Figure 1.1.: Influence of the line width on the effective Cu resistivity.
At the 22 nm node of today (Intel i7-4770S [5]) Cu already exhibits a four times
higher effective resistivity of 6.6 µΩcm [6], due to scattering effects, which will
increase even further with future scaling. Due to this development, new materials
are required which are less prone to surface scattering and for which the effective
resistivity does not degrade with scaling. To outperform Cu at small wire widths,
alternative materials which exhibit superior electrical properties at those feature sizes
and new materials like Ag nanowires [14] and metal-silicides [15] were proposed.
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However, the most promising replacement candidate at this stage are carbon nan-
otubes (CNT), which have been a major research interest since they were described
by Iijima et.al. [16] in 1991. Due to their one dimensional nature, electron - phonon
scattering is negligible and long mean free paths up to the micron range can be sus-
tained even in small dimensions [17]. In addition, CNTs have a high melting point,
are strongly resistant towards electromigration and can withstand a high current
density [18]. Furthermore, a high thermal conductance [19–21] and high mechanical
strength [22, 23] make CNTs an ideal candidate to replace Cu in ULSI applications.
However, the following main challenges have to be addressed:
1. Compatibility with ULSI integration scheme
2. Achieving low resistance contacts
3. Directional growth of CNTs
4. High density growth of metallic, high quality CNTs
Currently, no feasible solutions to integrate CNTs in lines are known, while
CNTs can be integrated into vias applying a damascene process. This thesis is
especially focused on the compatibility of the CNT integration, with the ULSI
scheme by designing an hybrid Cu-line/CNT-based-via technology, while at the
same time tackling the challenge of achieving a low contact resistance. In addition,
the directional growth of CNTs within this work is used as a requirement, while the
CNT quality and density were examined but not optimized.
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1. Introduction
The following topics are covered within the individual chapters:
Chapter 2 introduces CNTs and describes the special structure as well as the
associated extraordinary material properties. A main part of this chapter discusses
the electrical properties of CNTs associated with the mesoscopic structure.
Chapter 3 describes the state of the art Cu metallization scheme and contains a
detailed review of the literature covering the preparation of CNT based vias.
Chapter 4 covers the applied integration scheme for the preparation of CNT based
vias, the CNT growth recipe by chemical vapor deposition (CVD) as well as the
instrumentation employed to characterize the prepared samples within this work.
In Chapter 5 a model is developed to describe the CNT growth kinetics on a Ta
layer. This model is employed to demonstrate the growth of CNTs on structured as
well as on blanket substrates at temperatures below 450 °C. In addition, this chapter
covers the impact of the materials in the bottom metallization on the quality and the
alignment of the CNT growth.
Within Chapter 6, Chapter 7, and Chapter 8 the integration process and the impact
of different procedures and materials on the electrical properties on the CNT based
via resistance are discussed.
Chapter 6 describes the embedding of the CNTs into an isolating material and the
subsequent planarization by chemical mechanical planarization.
Chapter 7 focuses on the interface between the bottom metallization to the CNTs,
while within Chapter 8 the interface between the CNTs and the top metallization
is investigated. In addition, Chapter 8 covers the impact of processes on the CNT
based via resistance applied after the growth of the CNTs and after planarization.
Chapter 9 describes features of the prepared CNT based vias originating from the
unique structure of the CNTs. In addition, the impact of the CNT quality on the via
resistance is discussed here.
In Chapter 10 additional concepts are presented, concerning the scalability of the
integration scheme and an alternative embedding approach.
A summary of the main findings as well as an outlook is provided in Chapter 11.
28
2. Structure and properties of carbon
nanotubes
This chapter describes the structure and properties of CNTs. Firstly, CNTs are
introduced as a carbon allotrope and their special structure which gives rise to their
unique properties is described. For the application in interconnects the electrical
properties are of main importance and thus accordingly will be discussed in depth.
2.1. Structure of CNTs
Arguably, graphite and diamond are the most prominent of the carbon allotropes.
While all carbon atoms in diamond are sp3 hybridized in a tetragonal lattice, the three
dimensional (3D) graphite is composed of stacked shells of two dimensional (2D)
hexagonal graphene sheets [24]. All carbon atoms within an individual graphene
layer are sp2 hybridizied. The interactions between two graphene layers are based
on van der Waals interactions, predominantly pi-pi interactions, and are therefore
rather weak. In graphite, the distance between two individual sheets was found to
be 0.34 nm [25]. Theoretically, a single wall carbon nanotube is considered to be
a rolled up graphene sheet, which forms a hollow cylinder. The chiral vector Ch
describes how the graphene honeycomb lattice has to be rolled up, in order to form
the desired CNT shell. Based on the real space vectors of the honeycomb lattice a1
and a2, two integer values n and m are used to define the chiral vector. Equation 2.1
and Figure 2.1 delineate the construction of the vector.
Ch = na1 + ma2 ≡ (n,m) (2.1)
Figure 2.1.: Description of the chiral vector [25]
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Based on the chiral vector, structural parameters of the single walled carbon
nanotube (SWCNT) such as CNT diameter d, the chiral angle Θ, and the number of






n2 + nm + m2
Π
(2.2)
The value aCC equals 0.142 nm, which is the length of the carbon-carbon bond in
graphene [26].
Θ = tan−1
 √3mm + 2n
 (2.3)
Ncell =
4(n2 + m2 + nm)
g
(2.4)
In Eq. 2.4 g represents the greatest common divisor of (2n+m) and (2m+n).
CNTs with a large diameter can be stabilized by inner shells of smaller diameter,
forming multi-walled CNTs (MWCNT). The spacing between neighboring shells is
δ = 0.34nm [17]. Based on the diameter of the innermost din and of the outermost




(dout − din) + 1 (2.5)
In experiments it was observed that the ratio dindout usually is in the range of 0.3 to 0.8
[27, 28]. Due to their large aspect ratio (length/diameter), CNTs are considered to
have a one dimensional (1D) structure, causing anisotropic behavior in their physical
properties.
2.2. Chemical properties
Chemically CNTs are considered a steric bulky molecule with a conjugated pi-
electron system [29]. Hence, CNTs are chemically stable and very reactive agents
are required to functionalize CNTs. On the other hand, due to their large surface area
and van der Waals interactions, strong adsorption on CNTs was reported. This can be
exploited for hydrogen storage applications [30] or to tune the electrical properties
of SWCNTs [31]. As the van der Waals interactions determine the strength of the
bonding between the CNT and the absorbent, strong adsorption can be expected if
the CNT-absorbent interaction is either based on pi-pi interactions or on electrostatic




For CNTs extraordinary mechanical properties were predicted due to the cylindrical
graphitic structure with strong carbon-carbon bonds. In particular, a high stiffness
and a high axial strength were expected. Experimental investigations determined a
Youngs modulus of up to 1 TPa. [23]. In addition CNTs have a low density, which is
why there is an ongoing research to employ CNTs in reinforced composite materials
[33]. Due to the one dimensional confinement of CNTs the mechanical properties
are vulnerable to structural instabilities, which can be caused by loading a weight on
the CNTs or by defects in the CNT due to the preparation itself [22].
2.4. Thermal properties
Like graphite and diamond, a high thermal conductance along the nanotube axis
was also reported for CNTs. Experimentally it was shown that CNTs can have a
thermal conductivity of up to 3000 W/mK at room temperature along the tube axis
[21]. However, CNTs are thermally isolating off the tube axis [34]. In addition, the
thermal expansion coefficient of SWCNTs is low [35].
2.5. Electronic structure of single-walled CNTs
Based on a tight-binding model the dispersion relation of graphene is given by
Equation 2.6.












kx and ky provide the wave vector k for the first hexagonal Brillouin zone, while
γ corresponds to the transfer integral between first-neighbor pi orbitals. 2.9 eV is
a typical value for γ [26]. The band structure of a nanotube can be calculated by
applying the zone-folding approximation. Based on the chiral vector an additional
boundary condition is introduced, defining the allowed modes along the tube axis.
Chk = 2pil |l| = 0, ...,N − 1 (2.7)
Applying 2.6 and 2.7 the band structures of a single wall carbon nanotube can be
calculated. Depending on the indices of the chirality vector the developing band gap
Eg, which is a function of the SWCNT diameter, can be described by:




f or n − m = 3l + 1 with |l| = 0, ...,N − 1 (2.8b)
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(a)
(b)
Figure 2.2.: (a) Dispersion relations for the graphene plane and of an (5,5) arm-
chair nanotube (bold line) [26] (b) Electrical properties of SWCNT in
dependence of the chirality vector [25]
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2.6. Impact of defects
Statistically one third of SWCNTs show metallic behavior. The superimposed
dispersion relation of graphene and of a metallic CNTs, as well as the distribution of
metallic and semiconducting CNTs are visualized below.
However, the zone-folding approximation neglects the curvature of the CNTs.
Especially for low-diameter SWCNTs deviations of the C-C bond length compared
to a graphene sheet, causes a break of the symmetry of the pz orbitals, which leads
to the formation of mixed sp2- sp3 hybrid orbitals [26]. While armchair nanotubes
(n=m) remain truly metallic, metallic CNTs with n,m (called semi-metallic) have a
small band gap with values typically below 0.1 eV [26]. For semiconducting CNTs
the band gap scales with the inverse square of the CNT diameter [26]. Hence, semi-
metallic and large diameter CNTs exhibit metallic properties at room temperature.
2.6. Impact of defects
All the aforementioned parameters can be strongly influenced by defects that are
present in the CNT. For instance, the measurement of the mechanical properties
of CNTs proved difficult, since direct loading caused fracture on defects sites [22].
The most prominent intrinsic CNT defects are single vacancy, double vacancy and
Stone-Wales type defects [36]. There is a vast amount of literature on the change of
the electrical properties due to the introduction of defects, such as the adsorption of
oxygen [37], the presence of nitrogen impurities [38], the functionalization of CNTs
with organics [29] or the doping of CNTs with boron [39]. Those changes typically
degrade the CNT and reduce the mean free path [40]. Also, the local change of
the band gap of a single CNT due to metal-CNT interaction was experimentally
confirmed [41].
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2.7. Electrical properties
CNTs have extraordinary electrical properties. A high current carrying capacity
of 109 A/cm2 was confirmed [18], which is superior to copper by two orders of
magnitude [42]. Further, CNTs show a large mean free path [17, 43, 44] and a
strong resistance towards electromigration [42]. However, to take full potential of
the superior properties, low conductance of a CNT forest has to be achieved. Several
parameters are of particular importance, which will be discussed below.
Number of conductive channels in CNTs
One important parameter for the electrical performance of CNTs is the number of
available channels within one CNT, which depends strongly on the chirality and the
number of the shells within one CNT. The number of relevant conduction channels













Ev represents the energy difference between each subband and the Fermi level.
It could be shown that Ev depends inversely on the shell diameter [17, 26], hence
increasing the shell diameter has the same impact as increasing the temperature [28].
For typical small diameter metallic SWCNTs the number of conduction channels
is two. In MWCNT large diameter shells are stabilized by inner shells. In this
case large diameter semiconducting shells would exhibit semi-metallic electrical
properties. Following Naemmi et.al. [28, 45], and assuming that two third of the
CNT shells have a semiconducting chirality, the temperature dependent number of
conductive channels of a shell at low bias can be reasonably approximated in relation
to the shell diameter d, by
Moneshell(d) ≈ ad T300K + b d > dT/T (2.10a)
≈ 2
3
d < dT/Tnm (2.10b)
with the constants a = 0.0612 nm-1, b = 0.425 and dT = 1300 nm K-1. For a large
MWCNT with an outer diameter dout and a known inner diameter din the number of
the conductive channels in a MWCNT at room temperature can be estimated using
the approximation 2.10 [28]:
M =
(
1 + 0.5(dout − din) δ−1
)
[0.5 ∗ a ∗ (dout + din) + b] (2.11)
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Transport regimes and characteristic length scales
Three electron transport regimes have been observed for CNTs. This being, the
ballistic transport [46–48], the classic ohmic transport [49] and localization [40, 50,
51].
In order to distinguish between the different transport regimes two characteristic
length scales for electrons are introduced and compared with the nanotube length
l. The mean free path Lm describes the average distance over which the initial
momentum of an electron is destroyed, while the phase relaxation length Lph is the
average distance the electron travels before loosing its original phase [52]. Hence, the
phase relaxation length is the length scale on which the interference of propagating
electron waves influences the macroscopic measured resistance values and deviations
from the classical incoherent transport described by Ohms law occurs.
Subsequently the most important parameters influencing the characteristic length
scales are described, which can originate from the quality of the sample and the
measurement conditions at which the transport measurements are performed [53].
1. Magnetic impurities, as well as lattice vibrations induced by an elevated
temperature influence the average momentum and the average phase of the
electrons in the sample and thus reduce the mean free path and the phase
relaxation length.
2. During electron-electron interactions the average momentum of the electrons
in the sample is preserved, while a phase change is induced. Thus, Lm is
unaffected by electron-electron interactions, while Lph is reduced.
3. Elastic scattering at static defects affects only the momentum, but not the phase
of the electrons. Hence, the majority of defects cause only a degradation of
Lm, while Lph remains constant
Subsequently the individual assumptions for the respective conduction regimes as
well as the length dependent resistance of the respective regime shall be discussed.
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Ballistic conductor In the ideal case of the ballistic transport no electron scatter-
ing along the conductive nanotube occurs (Lm»Lph) and the resistance of the structure
is solely determined by the contact resistance, which can be expressed utilizing the
quantum resistance R0 and the number of conductive channels M 2.12 [26, 53]:
RC = R0 ∗ M−1 (2.12a)
R0 = h/2e2 ≈ 12.9 kΩ (2.12b)
Even if the electrical transport is completely governed by coherent transport
throughout the complete length of the sample (Lph>l), the measured resistance in
realistic conductors is influenced by a small amount of static scatterers, reducing
the transmission probability τ of an electron between the two contacts, which was
introduced by Landauer [54]. Hence, the resistance of a nanotube RCNT in the
ballistic transport regime is described by 2.13.
RCNT = R0 ∗ M−1 ∗ τ−1 (2.13)
This clearly reveals that within the ballistic transport regime the resistance is inde-
pendent of the CNT length as long as the requirement Lm>Lph>l is fulfilled.
Classic transport In classical transport the resistance is completely governed by
incoherent electron transport due to scattering events throughout the whole sample.
In comparison to the mean free path, a small phase coherence length is required
to meet those conditions, while the sample length should significantly exceed both
characteristic electron length scales (Lph<Lm«l). In this case, the simple ohmic law
with the resistance being proportional to the CNT length applies 2.14.





Localization Localization is a phenomenon originating from the coherence prop-
erties of electron propagation. However, in contrast to the ballistic conduction regime
the scattering of electrons is not negligible in comparison to the phase coherence
length, which leads to the relationship Lm«Lph<l indicating localization behaviour.
In the case of localization a third characteristic length scale, the localization length
Lloc, is introduced, which can be calculated by the simple Equation 2.15, once the
mean free path Lm of the sample and the number of conductive channels M is known
[55, 56].
Lloc = Lm ∗ M (2.15)
If the phase coherence length exceeds the localization length (Lph>Lloc) the con-
ductor is within the strong localization regime, which occurs once the resistance of
the phase coherent conductor exceeds the quantum resistance R0 [57]. In this case
36
2.7. Electrical properties
the resistance of the CNT depends exponentially on the CNT length, as described by
Equation 2.16 [40, 58].





On the contrary, the sample exhibits weak localization if the localization length
exceeds the phase coherence length (Lph<Lloc). In this case the resistance of the
sample can be described by adding a small geometry dependent correction to the
classical ohmic transport. For example, in the transport regime of the quasi one
dimensional weak localization regime, the resistance of a MWCNT can be described
by 2.17 [59].








While the experimental data of Schoenenberger et.al. [50] and Strunk et.al. [59]
using MWCNTs with diameters of 15-30 nm were consistent with the one dimen-
sional weak localization theory, the experimental results of Langer et.al. [51] on a
MWCNT with a diameter of 20 nm could only be consistently explained by utilizing
the two-dimensional weak localization theory. The resistance of an MWCNT follow-
ing two dimensional weak localization theory is provided in Equation 2.18 [57, 60].












Table 2.1 summarizes the relationships between the characteristic length scales
and the length of the CNT l in order to determine the respective transport regime
[53].
Table 2.1.: Transport regimes of a CNT
Transport Regime Relationship
Ballistic conduction Lm > Lph > l
Classic transport Lph < Lm « l
Localization Lm « Lph < l
weak localization Lph < Lloc
strong localization Lph > Lloc
Experimental situation considering Metal - CNT contacts
To fulfill the requirement of a low contact resistance between the CNT and the metal,
an efficient coupling of the electron wave function of the metal into the CNT is
required [6]. Low resistance contacts were achieved using the metals Pd [46] and Ti
[61].
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Table 2.2.: Work function of different materials used within this work
material work function Literature
MWCNT 4.6 - 4.9 eV [65, 66]
TaC 4.38 eV [67]
TiC 3.8-4.1 eV [67]
Ta 4.0-4.8 eV [12]
Ti 4.3 eV [64]
TiN 4.4-4.7 eV [68]
TaN 4.1-4.6 eV [69, 70]
Pd 5.2-5.6 eV [12]
A CNT-metal contact is a Schottky barrier formed by Fermi-level matching [62–
64]. The work functions of the materials appearing within this work are provided in
table 2.2. For comparative reasons the work function of the good contact metal Pd is
included.
The values reported in literature depend on the interface, hence large variations
occur in the reported values. To achieve a low resistance Schottky contact for
electron conduction, the work function of the metal should be low compared to
the work function of the MWCNT tip. However a large work function difference
causes a strong band bending, disturbing the electronic structure of the CNT at the
contact. Thus scattering centers for electrons are created, which reduces the overall
transmission of the contact. However other factors, like the wettability and oxidation
of the metal, were shown to have an impact on the contact quality. According to
Nemec et.al. [71], Pd exhibits a weak coupling to the carbon atoms of the CNTs.
Thus a transparent contact is only achieved if the required CNT-metal contact length
of 30 nm is reached. In contrast, for metals exhibiting carbide formation the reduced
contact resistance is attributed to a reaction occurring at the metal-CNT interface [61,
72]. Due to the strong coupling between the CNT and the metal, strong scattering
effects at the CNT-metal interface occur. Hence, such a contact has a higher resistance
compared to a one with a low metal-carbon interaction [73]. However, a shorter
metal-CNT contact length is required to achieve the optimal performance of the
contact, making it more suitable for interconnect applications. For instance, only a
contact length of 4 nm is required for Ti [73].
Lim et.al. [64] investigated various contact metals for interconnects, revealing that
metals with a high wettability on carbon form a low resistance contact irrespective
of their work function [64]. Besides the contact length, deviations of the metal-CNT
contact resistances as reported in literature are caused by oxidation. The presence
of a thin native oxide at the metal-CNT interface increases the contact resistance by
several orders of magnitude [63, 64, 74]. Oxidation of the contact material causes
an increase of the metals work function [75]. This change introduces a shift from
n-type conducting contact to a p-type contact, leading to a higher resistance in the
case of interconnect applications [64].
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This chapter aims to describe the state of the art technology. In the first part, the
current Dual damascene process is described, while in the second part the literature
considering the integration of CNTs into vias is reviewed, and the advantages and
disadvantages of different approaches are discussed.
3.1. Cu-Damascene Interconnect scheme
The wiring in a logic circuit is required to distribute signals and power between
the functional components of the system. In the following the BEOL process
scheme is described. Figure 3.1 shows the typical interconnect system of a logic
micro processor unit (MPU). The contact metal to source, drain and the gate of the
transistor is typically tungsten. Above this layer the BEOL interconnect system
is presently composed of vertical and horizontal interconnections (vias and lines),
employing mostly Cu as the conductive metal. As the dielectric interlayer, silicon
oxide, carbon doped oxide, porous carbon doped oxide or other low-k materials
are used. The narrowest pitch is present in the M1 layer, defining the technology
node. For MPUs a high number of metal layers is used, while the thickness and pitch
constantly increases with increasing distance to the transistor. Finally, a passivation
layer is deposited on top to protect the wafer during packaging and during operation.
Figure 3.1.: Typical cross section of a MPU [6], which includes the interconnect
system and the transistor at the bottom.
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Two approaches can be employed to prepare the interconnect system. In the
flow of the conventional technology using Al based horizontal interconnects the
metal is etched and the gaps are filled with dielectric material, while within the
damascene approach the lines and vias are prepared by removing the dielectric
material and subsequent filling with the conductive materials by sputtering and
electrochemical deposition techniques. Since the removal of Cu by means of dry
etching is challenging, in the state of the art technology the damascene approach
is utilized. Compared to two single damascene procedures, the dual damascence
process flow, described in Fig. 3.2, provides a cost reduction since less process
steps are required (Less deposition steps (metal and barriers) and only one CMP
step for two layers). Two layers of interlayer dielectric, separated by an dielectric
etch stop layer, are deposited. Subsequently, two lithography steps are applied,
removing the dielectric and providing the structures for the vias and the trenches. In
the following, the conductive materials are deposited. To avoid the diffusion of metal
into the dielectric the conductive diffusion barrier (TaN) is sputtered [76]. On top
of the diffusion barrier a corresponding liner is required to provide a stable metal -
diffusion barrier interface [77]. In the case of a TaN diffusion barrier, Ta is a suitable
liner. This enhances the stability towards electromigration and reduces the interface
resistance [78]. Subsequently, a Cu nucleation layer is deposited by sputtering to
allow the filling of the lines and vias with Cu by electrochemical deposition (ECD).
Afterwards the structure is planarized by chemical mechanical planarization (CMP)
and sealed by another diffusion barrier and etch stop layer (SiC, Si3N4).
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(a) Via lithography (b) Via etch (c) Trench lithogra-
phy









Figure 3.2.: Schematic flow of the dual damascene partial via first trench last process.
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3.2. State of the art of the fabrication of CNT based
vias
In this section, the state of the technology for the integration of CNTs into via
structures is discussed. There were four other groups who published electrical
characteristics of integrated CNT based interconnects between 2010 and 2013: Nihei
et.al. (MIRAI - blue), Lee et.al. (Samsung - green), Chiodarelli et.al. (IMEC -
yellow) and Coiffic et.al. (LETI - red). All of them applied a damascene approach to
prepare the CNT based vias, with only the timing of the deposition of the CNT growth
substrate material and of the deposition of the catalyst differed. This is summarized
in the sketch in Fig. 3.3. In the following the features and relevant particularities
of each process flow, including the associated advantages and disadvantages, are
discussed in detail.
Figure 3.3.: Process flow for the preparation of CNT based vias, highlighting the
main difference of the timing of the CNT substrate and catalyst depo-
sition, with the colored references to which the colored arrows refer
[79] [80] [81] [82]
Bottom metallization
For the bottom metallization of the CNT based via, either Cu [82] [42, 83–85] is
incorporated or a thick TiN [49, 80] [64, 79, 86, 87] film is used. However, in one
case a Poly-Si bottom metallization was evaluated [88] . The incorporation of the
horizontal Cu line requires diffusion barriers. For this purpose the BEOL compatible
diffusion barriers TaN and TiN are employed [42, 83–85] , while only Coiffic et.al.
uses Al [82, 89] . As shown in the SEM image in [90] this diffusion barrier may
fail during the CNT growth process.
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Substrate-catalyst interaction and CNT growth
The group in France employs Al [82, 89] or Poly-Si [88] as CNT growth substrate
using Fe catalyst. All other groups employ Ti based materials (Ti: [64, 79, 86, 87]
[61] or TiN: [49, 80] [42, 83, 84, 91] ) to form a low contact resistance between
the CNTs and the bottom metallization. The widespread usage of Ti based bottom
contacts can be explained by the low contact resistance and the good wetting behavior
of Ti on carbon [73, 92]. In addition, the formation of a TiC interface was demon-
strated [61] . Typical catalyst materials are Co [42, 83, 84, 91] , Ni [49, 80] [64]
or a mixture of both [87] . Usually a thin catalyst film is deposited, that is breaking
into nanoparticles during the CNT growth process. However, size-classified particles
were also employed [42, 74, 85] . In almost all works mentioned before, the MWC-
NTs are grown at temperatures ranging from 450 °C to 600 °C. However, integration
of CNTs with growth temperatures below 400 °C were demonstrated [91] [80] .
Reports about the crystalline quality of the as grown CNTs are quite sparse. In two
papers Raman analysis was performed, revealing that the CNTs incorporated into
the vias have a high defect density [49] [64] . The resistance of a CNT based via is
strongly influenced by the number of CNTs and the number of CNT shells per CNT.
Within the majority of investigations an average CNT diameter of approximately
7 nm with a CNT density in the range of 2*1011 cm-2 to 5*1011 cm-2 are reported
[84, 93] [79] [80] , while in some reports the CNTs incorporated into the via had
a larger diameter, but a lower density. For instance Coiffic et.al. [82] reported a
CNT density of 5*1010 cm-2 with an average CNT diameter of 15 nm, while Lee
et.al. [87] with an average CNT diameter of 10 nm achieved only a CNT density of
2.7*1010 cm-2 in their earlier work. Unfortunately, a statistics of the number of shells
accompanied by the electrical data of the CNT based via is rare, but the number of
shells can be estimated based on the diameter of the CNT [27].
Removal of Interlayer dielectric
In early works it was suggested to pattern the catalyst and deposit the interlayer
dielectric after CNT growth [94]. However, in all recent reports a damascene
approach is carried out, depositing the interlayer dielectric (ILD) prior to the growth
of CNTs. It is generally accepted that the integration concept has to fulfill two
requirements:
1. Site-selective CNT growth in the vias [49] [82, 88] [83, 84] [79, 87]
2. Avoid oxidation at the bottom metallization [80] [74, 84]
Lee. et.al. [64, 79, 86, 87] utilised a buried catalyst approach, where the catalyst
is deposited with the bottom metallization, prior to the formation of the ILD. To
avoid the etching of the catalyst a two step etching scheme was required. First,
the SiO2 was removed by an anisotropic etch step, stopping on an SiN etch stop
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layer, which was removed by an isotropic SiN etch step, leaving the catalyst undis-
turbed. The drawback of this procedure is the presence of an undercut close to the
bottom metallization-via interface. However, this approach intrinsically rules out the
presence of resistance contributions in parallel to the CNTs.
Chiodarelli et.al. [49, 80] used a two step etching scheme as well. The ILD SiO2
was removed stopping on a SiC layer. This layer protects the bottom metallization
from oxidation during the removal of the resist, which precedes the etching of the
SiC. Afterwards the catalyst was deposited into via structures. Chiodarelli et.al.
achieved site-selectivity by appropriately tuning the CNT growth process, such that
CNT grow only in the via hole. The advantage of this procedure is that no undercut
is formed. Also, potential deposition of a thin catalyst film on the vias sidewalls is
negligible.
Nihei et.al. [42, 61, 74, 83–85, 91, 95] as well as Coiffic et.al. [82, 89] em-
ployed a classical damascene process. In both cases the diffusion barrier and the
catalyst was deposited after the via hole is formed. While Coiffic et.al. claims
that the diffusion barrier side wall coverage can be ignored due to the sputtering
technique [82] , this aspect is not discussed within the other reports. However,
despite this drawback, for the evaluation of CNT based vias this approach has several
advantages. Firstly, no undercut is produced. Secondly, the interconnect scheme of
Nihei et.al. incorporates horizontal Cu lines including the corresponding diffusion
barriers, making this concept the one most compatible with the current state of the
art BEOL integration scheme.
Top metallization and Post CNT growth treatment
The planarization of the CNTs by CMP after CNT growth is established to contact
the inner shells of the MWCNT [49, 80, 86] [79] [42, 85, 91] [88] . However, the
preceding embedding procedure differs. The most widespread is the application of
a low-k spin-on glass [88] [86] [42] . Further, embedding based on a subatmo-
spheric chemical vapor deposition procedure (SACVD) using a tetraethylorthosilicate
(TEOS) precursor [49] [88] and by means of Al2O3 atomic layer deposition (ALD)
have been evaluated [96] [88] . A direct comparison of different embedding pro-
cedures on the overall integrated CNT does not exist, however Chiodarelli et.al.
compared the electrical properties by means of conductive atomic force microscopy
[96] , showing superior results of an optimized ALD embedding process. Recently,
Lee. et.al. [86] demonstrated that the removal of an interfacial silicon oxide after
CMP is beneficial for the electrical properties of the CNT based vias. Interestingly,
all groups use Ti to provide the contact between the top metallization and the CNTs.
One notable exception is the work by Lim et.al. [64] , in which several other contact
materials were evaluated. They concluded that a Ti top metallization is superior com-
pared to all other metals for interconnect applications. Furthermore, it is established
that a temperature annealing in a reductive atmosphere after the deposition of the top
metallization reduces the resistance of the CNT based vias [80] [79] [91] .
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Resistivity
To benchmark the quality of the CNT based vias, the effective specific resistivity
ρvia of a CNT based via is calculated according to Equation 3.1. The parameters in
the equation correspond to the height (hvia), the diameter (dvia) and the measured
resistance (Rvia) of the via, which are extracted from the respective papers.





It should be kept in mind that this is only an indication of the quality of the CNT
growth, because ideal CNTs would show ballistic behavior. Thus, the resistance
of a CNT based via containing defect-free CNTs would be independent of the via
height. However, due to the low CNT growth temperature defects are introduced.
The available experimental data suggest, that the assumption of a linear dependence
of the resistance on the CNT length remains valid [58, 97], unless the electronic
transport is governed by Anderson localization [40]. The effective CNT based via
resistivities are provided in table 3.1.
Table 3.1.: Effective resistivities of prepared CNT based vias, including the important
parameter of via height and CNT density.
Via height CNT density Effective resistivity Reference
100 nm 5*1011 cm-2 2.0*102 µΩcm [83]
100 nm 3*1011 cm-2 6.8*102 µΩcm [85]
400 nm 2*1011 cm-2 1.4*105 µΩcm [80]
250 nm 4*1011 cm-2 4.8*102 µΩcm [79]
250 nm 4*1011 cm-2 1.7*102 µΩcm [86]
300 nm 5*1010 cm-2 2.9*105 µΩcm [82]
Summary
In the following the main features of the different integration flows are highlighted,
with + and - indicating advantages and disadvantages, respectively.
MIREI:
+ Cu is incorporated into the line (bottom and top metallization), which improves
the compatibility with the state of the art Cu technology.
+ No undercuts, which may lead to reliability concerns, develops during the
integration.
- The diffusion barrier and liner are deposited onto the via sidewall, as per
the state of the art Cu technology, which complicates the evaluation of the
performance of the integrated CNTs, because an additional conduction path




+ Besides the CNT growth catalyst, metallic contaminations on the via sidewalls
can be ruled out, thus the resistance of the CNT based via is determined solely
by the CNTs.
+ During the integration process no undercut develops at the via.
- Cu is not incorporated into the horizontal connections, which reduces the
compatibility with the state of the art Cu technology.
- After the etching of SiC, residues remain on the bottom metallization surface,
which can enhance the metal-CNT contact resistance.
Samsung:
+ Parallel conduction paths on the via sidewalls can be ruled out completely,
because the catalyst is deposited before the patterning of the via holes.
+ For the same reason, CNT growth outside the via holes as well as interface
reactions between the catalyst and the ILD at the top can be ruled out, which
will enhance reliability.
- Cu is not incorporated into the bottom metallization, which reduces the com-
patibility with the state of the art Cu technology.
- Due to a wet etching step, the via is widened by an undercut.
- Undesirable interface reaction between the CNT growth substrate and the
catalyst can occur outside the via holes.
LETI:
+ Cu is incorporated into the bottom metallization, which improves the compati-
bility with the state of the art Cu technology.
+ During the integration process no undercut develops at the via.
- Fe is used as CNT growth catalyst, which is not acceptable for ULSI intercon-
nect applications.
- No Cu diffusion barrier is utillized, leading to a low stability of the bottom
metallization.
- Parallel conduction paths on the via sidewalls can originate due to the deposi-
tion of the substrate materials on the sidewalls.
- For the metal-CNT contact Al is utilized, which has a high CNT-metal contact
resistance.
- No embedding methode used, hence during the deposition of the top metal-
lization, additional metallic short cuts may occur.
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Challenges to replace Cu by CNTs in vias
As shown in table 3.1 even the experimentally achieved CNT vias with the lowest
resistance still have an effective specific resistivity 2 orders of magnitude above the
value expected for a Cu via of the same dimensions [6]. Several major challenges
are highlighted by the International technology roadmap for semiconductors 2011
[6] in order to achieve a lower resistance of CNT based vias (compared to Cu) with
a process flow that is compatible to the state of the art Cu/low-k technology.
1. Compatibility with ULSI integration scheme
2. Achieving low resistance contacts
3. Directional growth of CNTs
4. High density growth of metallic, high quality CNTs
The first point concern the technology for the CNT integration itself, which has
to be compatible with the interconnect technology. This includes that all processes
applied in the integration process have to be scalable, which is the reason for the
usage of CVD processes in all process flows. This point also includes a back-end of
the line (BEOL) compatible temperature budget to minimize thermal damages during
the complete integration procedure, which restricts the CNT growth temperature to
below 600 °C. However, in many state of the art low-k technologies the temperature
is even restricted to below 400 °C. In order to implement CNT vias, an interface to
the current Cu/low-k technology has to be provided, which is a requirement also
covered by the first point. Within this thesis, the processes covered are solely those
fulfilling this requirement. In addition, within the work here, research is devoted
to implement an interface between the CNT via and the Cu-low-k technology by
incorporating Cu into the bottom and top metallization of the investigated via. The
second point is concerning the contact resistance between the metal-CNT interface,
which should be minimized. Ideally a full transparent contact should be provided
with the quantum resistance determining the contact resistance for each individual
CNT shell. Even though a lot of research was devoted to optimize the metal-CNT
contacts [46, 61, 62, 72, 73, 98, 99], only very few experimental works were carried
out to reduce the contact resistance under BEOL compatible integration schemes.
Pd is known to provide a low metal-CNT resistance [46], however, it was found
that under conditions relevant for the application as vias, Pd contacts exhibit a high
resistance in comparison to Ti [64, 73]. Especially, some of the most important
materials in BEOL, like the diffusion barriers TiN, TaN as well as the liner material
Ta, have not been benchmarked, up to now. The point three and four are related to the
quality of the CNT growth. The vertical growth of CNTs is well established and was
already considered in earlier works on CNT carpets [100–104]. This is intrinsically
taken into consideration within this work, because the applied CNT growth process
yields vertically aligned MWCNTs [105, 106]. Typically, vertical alignment can be
achieved if a high density of CNTs is present. Currently, the low CNT wall density
is one of the main issues causing the high resistance of CNT vias in comparison to
47
3. Metallization
their metallic counterparts. Within this work methods to increase the CNT density
were not performed, even though some viable approaches exist [107]. The forth
point considers the density of metallic CNT walls within a via. Here, MWCNTs are
grown to circumvent the chirality dependent electric behavior of SWCNTs, because
all MWCNTs show metallic behavior [6], while the impact of the quality of the




This chapter describes the preparation of test vehicles for the electrical characteriza-
tion of CNT vias as well as the applied characterization methods.
4.1. Process flow for the integration of CNTs in
interconnects
A single damascene process was chosen for the integration of a test vehicle to
electrically evaluate CNTs in interconnect structures. The typical fabrication process
is schematically shown in Figure 4.1.
(a) structure (b) dry etch (c) wet etch
(d) CNT (e) CMP (f) M2




The investigations were performed on a 100 mm silicon wafers. To isolate the
metal line and the doped wafer, a 100 nm gate quality silicon oxide was thermally
grown. The metals forming the bottom electrode (M1) were then deposited by
magnetron sputtering. The thickness and composition of the incorporated layers were
varied and optimized in the scope of the work. A thorough discussion is provided in
the next chapter. Subsequently, the ILD was deposited by Plasma-enhanced CVD at
400 °C. Unless mentioned otherwise the ILD is 800 nm thick and composed of SiO2.
Afterwards a 25 nm W film is sputtered to achieve site-selective catalyst deactivation
[106]. Conventional photolithography is applied. W is structured by a dry plasma
etching process, as is the main part of the ILD. The remaining 50-150 nm ILD are
removed using a buffered aqueous acid (HF40 % : NH4F40 % = 1:5), which is preceded
by ashing of the resist. This two step etching procedure provides the required
selectivity to etch the ILD without influencing the state of the substrate for CNT
growth [105]. Furthermore, the bottom metallization is protected against oxygen
exposure during ashing. However, the isotropic removal of material in the last step
causes an undercut at the via structure. Then, unless mentioned otherwise, electron
beam evaporation is employed to form a 2.3 nm film of Ni catalyst. Subsequently,
the wafer is transferred to the CNT-CVD chamber and a standard CNT process at
606 °C is performed. A typical SEM image and a photograph are shown in Figure
4.2.
(a) (b)
Figure 4.2.: (a) 30° tilted SEM cross section and (b) top view photo of the wafer
after CNT growth.
The preparation of the top electrode (M2) and the impact on the via properties
is discussed in chapter 8 in full length. In general, the vias based on CNTs are
planarized by CMP using a standard silica based slurry designed to planarize SiO2.
However, to prevent detachment of the CNTs [80], a preceding step is required
to mechanically stabilize the CNTs. Typically, the embedding is performed by
depositing a conformal SiO2 within the vias [42, 79, 80]. During planarization the
tungsten layer is removed. Afterwards the top metal electrode is sputter deposited
and patterned, employing wet etching of copper and dry etching of Ti and Ta based
materials. In a final step the wafers are annealed at a temperature of 450 °C in a
forming gas containing 20% hydrogen.
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4.2. Processing and equipment for the growth of
CNTs
CNTs were grown in a cold wall reactor by catalytic chemical vapor deposition. A
scroll pump (Edwards XDS 35i) is attached to the chamber. In conjunction with
a pressure regulator the chamber pressure can be adjusted in the range of 1 Pa
to 100 kPa. A K-type thermal element with a precision of 2.2 °C is connected to the
graphite heater to allow temperature control between 25 °C and 900 °C. In addition,
the temperature can be measured routinely at the graphite sample holder. The
required gases, ethene, hydrogen and nitrogen, are dosed by mass-flow controllers.
Each gas is provided with a purity of at least 99.999%. A photograph of the CVD
chamber and a scheme of the typical CNT growth procedure is shown in Figure 4.3.
(a) (b)
Figure 4.3.: (a) Photograph of the CNT-CVD chamber. (b) Scheme of the procedure
to grow CNTs
Before each CNT growth process the CVD chamber was evacuated, filled with
nitrogen and evacuated again. The CNT growth process was started, once a pressure
below 2 Pa was reached. The process can be divided into six stages. In the first stage
the chamber is filled with nitrogen and hydrogen to achieve a 5:1 N2:H2 forming gas
atmosphere and the desired pressure of 70 kPa is adjusted. Within the second step the
temperature of the heater is increased to 735 °C. This corresponds to a temperature
of approximately 610 °C at the wafer (Refer to the appendix for the temperature
calibration). Those conditions are kept constant for 10 min (stage 3). At the beginning
of the fourth stage the pressure is reduced to 20 kPa to anticipate for optimal CNT
growth conditions. In addition, the gas flows of nitrogen and hydrogen are adjusted
and the carbon precursor ethene is provided. Unless mentioned otherwise, the CNT
growth process lasts for 10 min and the gas flow rates for the gases are 25 sccm for
ethene and 538 sccm for nitrogen. Typically, no hydrogen is provided during CNT
growth. At the beginning of the fifth step the ethene flow ceases and the chamber
is evacuated, while the temperature is kept constant for 5 min. After the cooling of
the CVD chamber (stage 6) the process is finished. For the investigation of the state
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of the catalyst nanoparticles the stage 4 and 5 are skipped and in step number 6 the
cooling is accelerated (just 10 min) to freeze the morphology of the nanoparticles
previous to CNT growth. Once exposed to air, the Ni particles oxidize on the surface.
4.3. Characterization methods
During the course of the integration the samples were investigated elaborately by
ex-situ methods to obtain knowledge of the physical properties as conductivity,
morphology, chemical composition and the microstructure. The microstructure was
obtained by electron microscopy techniques as scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Chemical compositions were evalu-
ated by means of electron-energy loss spectroscopy (EELS) and energy dispersive
X-ray spectroscopy (EDX). The quality of the carbon nanostructures were evalu-
ated by means of Raman spectroscopy. Film morphologies were probed by AFM.
Complementary, locally resolved data on the CNTs conductance were obtained by
cAFM, while the I-V characteristic of complete via structures was investigated using
a microprober.
Electron microscopy
All samples were systematically screened using SEM and selected samples chosen
for TEM investigations to obtain images with a higher magnification. The SEM
images were obtained on either a ZEISS Supra 60 or a ZEISS Auriga 60 CrossBeam
Workstation. Both instruments were also used to carry out EDX analysis. TEM
investigations were performed on a Philips CM 20 FEG equipped with an imaging
energy filter from Gatan, which allows EELS. Through EELS the chemical compo-
sition of thin films can be investigated after processing, since each element has a
characteristic EELS edge [108]. With the EELS mapping feature, energy-filtered
transmission electron microscope (EFTEM) images can be obtained. To prepare
samples for TEM, different sample preparations were chosen. For the investigation
of the properties of the CNTs a Cu or Au grid was scratched with low pressure over
the CNT film, which causes CNTs to attach to the TEM grid. TEM cross-sections of
vias were prepared using FIB technique, performed using the Auriga 60. The TEM
lamellae were cut using focused Ga ion beams down to 10 pA with an energy of
30 keV. For the lift-out of the lamellae, a Kleindiek MM3A micromanipulator was
used. With the manipulator, the lamellae were transferred to Cu lift-out grids and
attached by ion-beam assisted, in-situ Pt deposition.
Raman spectroscopy
Raman spectroscopy is a nondestructive, non-contacting method, which relies on
the inelastic scattering of monochromatic light. The shift of the frequency and
the amplitude in a system is characteristic for the investigated material. Raman
spectroscopy is used to estimate the CNT quality within this work, since it is widely
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used to assess the quality of carbon nanostructures [109–111]. The most prominent
feature in a Raman spectra of CNTs is the G-Band at 1582 cm-1 caused by in-plane
vibrations of sp2 hybridized carbon atoms [112]. The second most prominent feature,
attributed to a breathing mode of a sp2 bonded ring, is the D-Band at about 1350 cm-1.
The D-Band intensity originates from localized non-perfect cyrstalline structures
[24]. The third major peak (2D-Band) is a symmetry allowed overtone of the D-Band.
The 2D-Band is sensitive to the stacking of the graphitic structure and their electronic
properties [24, 112, 113]. The first correlation between Raman spectroscopy and
X-ray diffraction (XRD) studies of carbon materials was performed by Tuinstra
et.al. [114]. It was shown that the in-plane crystallite size La in graphite is inversely
proportional to the ratio of the intensities of the D to the G-Band, which lead to the







Within the literature, variation in the numerical value of C(λ) occurs. Originally,
the constant C(λ) was determined to be 4.4 nm [115]. In more recent work, it was
verified that the constant is proportional to the fourth order of the laser energy, which










However, the numerical value of the proportionality constant was observed to
depend on the carbon sample [116, 117]. This can be attributed to two mechanisms.
Firstly, deviation can occur due to the measurement methods in inhomogeneous
samples. In a sample with mixed grain sizes, the effective La can be calculated by








Due to the dominant effect of small crystals in a sample with mixed grain sizes
(refer to Equation 4.3) the Tuinstra-Koenig equation underestimates La; in contrast,
big crystallites have a larger weighting in corresponding XRD measurements [109].
Secondly, the Tuinstra-Koenig equation is valid only for grain sizes above 5 nm [117],
since it assumes that the ID/IG ratio depends on the number of aromatic rings at the
edge of the carbon grains [110]. However, in the case of amorphous carbon structures
with grain sizes below 2 nm, the value of ID/IG is predominately determined by the
number of aromatic rings in the carbon nanostructure and Equation 4.4 applies [110].
ID
IG
= C(λ) ∗ La2 (4.4)
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Which regime should be applied to describe the carbon structure can be derived
from the G peak position. If the Raman shift of the G peak is in the range of 1580 cm-1
to 1600 cm-1, aromatic nanocrystalline sp2 hybridized carbon is predominately
present, thus Equation 4.1 can be applied [110].
Raman measurements were performed in backscattering geometry on either a
LabRam HR800 or on a Renishaw inVia Reflex Raman microscope. Unless men-
tioned otherwise an Ar+ - laser with a wavelength of 514.5 nm was used. In order to
prevent sample damage, the laser power was limited to 1 mW. Data were registered
in the spectral range of at least 1100...2800 cm-1, covering the D, 2D and G band
of the CNTs. In the case of the Renishaw Raman spectrometer a 50× (N.A. = 0.55)
objective is employed, giving a diffraction limited resolution of λ2N.A. = 468 nm. With
the LabRam HR800 data were obtained using a 100× objective (N.A. = 0.9), hence
providing a resolution of 286 nm. On the same instrument Raman mappings were
acquired by scanning a region of 20 × 20 µm with a step size of 500 nm.
Atomic force microscopy
Two types of AFMs were used. A Veeco Dimension 3000 was generally used to
investigate the morphology of samples during integration. The nanoparticle topog-
raphy was checked on this device, too. In all cases measurements were performed
using tapping mode, using reflective Si AFM probes with a guaranteed tip radius
below 10 nm.
To locally resolve the conductance of integrated CNTs, conductive atomic force
microscopy (cAFM) investigations were conducted using a 5500 AFM from Agilent
Technologies. In this case, a large part of the via structures were covered with silver
paste after planarization to form a connection to the bottom metallization. The
second electrode was formed by an Ti/Pt coated AFM probe. This tip had a radius
below 40 nm and a spring constant of ~ 0.12 N/m. The simultaneously obtained
topography and current mapping images were recorded in contact mode. Each I-V
set shown represents an average over 10 spectra recorded at the same contact point.
100 points within the voltage range from -10 to 10 mV and 2 s acquisition time were
used per individual spectrum. The maximal measurable current of the measurement
setup is restricted to 10 nA, hence if the resistance falls below 1 MΩ the saturation
current is reached within the voltage range. In order to avoid this, an additional
resistor of 1001 Ω was connected in series to the measurement setup, while the
resistance of the sample is determined by subtracting the resistors resistance from
the measured value. Initially, one sample was remeasured several times, using a
different additional resistor of <1 kΩ, 187 kΩ, 504 kΩ and 1001 kΩ, respectively.
Each time the resistance of the sample obtained by evaluating the I-V characteristics
before the onset of current saturation showed deviations within the error range giving
confidence that this procedure does not impair the measured results. The error
bars for the cAFM measurements provided in the subsequent chapters corresponds
to the standard deviation of the obtained resistance values, which includes errors
originating from the measurement setup as well as process deviations.
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Electrical characterization of CNT based vias on wafer scale
For electrical probing the via performance a Cascade PM8 or a Cascade PA200
equipped with a Keithley 2600 or a Keithley 4200SCS current source were used.
Two vias of the same size were connected, applying a voltage of -1.0 V to 1.0 V and
measuring the current. To avoid damage to the CNTs during measurement the current
was limited to 1 mA or 10 mA, depending on the sample and the measured structure.
The resistance values presented within this work are based on the slope of a linear
fit of the I-V characteristics. Since a deviation from the linear behavior occurs at
high voltages, the linear regression is based solely on the data received in the voltage
range of -100 mV to 100 mV. The equivalent circuit for the serial connection is given
below. Equation 4.5 lists the individual contribution to the overall resistance Rges
during the measurement.
Rges = 2 ∗ RM2 + RVia1 + RM1 + RVia2 + Rsetup (4.5)
The resistance of a single CNT based via includes the metal-CNT contact resis-
tance and the length dependent contribution of the CNTs to the resistance. In this
case, the contributions of the thin serial connected diffusion barriers are contributing
to the overall resistance of the CNT via. Rsetup considers the resistances of the
measurement setup, like the contact resistance between the conductive tip and the
contact pad. The contributions of RM1 and RM2 are originating from the wiring of
the bottom metallization between the vias and the top metallization connecting the
contact pad and the CNT via. Rsetup was determined to be approximately 8 Ω in the
typical measurement setup, which was determined by connecting two respective
contact pads and determining the resistance by an 2pt probe measurement. This type
of setup was used to map the properties of complete wafers.
A more careful investigation was performed by applying four line measurements
to evaluate the properties of individual vias and the bottom metallization. Hereby, a
current of 1 mA or 10 mA was imposed, and the required voltage measured. In both
cases CNT based vias with a diameter of 5 µm are used as electric leads. A scheme
for this measurement setup is shown in Figure 4.4
The temperature coefficient of resistance (TCR) of the CNT structure was deter-
mined with the same connection, 4.4(a) obtaining the I-V characteristic of the same
structure up to 60 °C in steps of 5 °C.
Correlation between cAFM data and electrical results of CNT
based vias
To correlate the resistances obtained by cAFM and the resistance values of vias
with many incorporated CNTs measured with the microproper, it is necessary to
estimate the number of CNTs in contact to the AFM tip, contributing to the CNTs
conductance. For this purpose Equation 4.6 is used.




Figure 4.4.: Four line measurement setup to evaluate the electrical properties of (a) a
single CNT based via and (b) the bottom metallization
Here, ρCNT and NAFM denote the CNT density within the via and the number of
CNTs in contact to the AFM tip, respectively. Based on SEM top view images the
number of CNTs in a via, and thus the CNT density, can be determined. Hence,
taking into account the guaranteed tip radius to be rAFM below 40 nm, Equation 4.6
yields that only one CNT is in contact to the AFM tip as long as the CNT density is
not exceeding 2*1010 cm-2. If the density exceeds 2*1010 cm-2 the resistance RCNT
of an individual MWCNT can be calculated by Equation 4.7, once the measured
resistance by means of cAFM RAFM is considered.
RCNT = RAFM/NAFM (4.7)
Based on this assumption the expected resistance of a via can be calculated using
Equation 4.8. Here, Rvia, Nvia, Avia are the via properties resistance, the number of









5. Growth of carbon nanotubes
Since the thermal budget for interconnect applications is limited to 450 °C, ideally
CNTs should be grown in a high quality at this temperature. First, the impact of the
process parameters like gas composition and the topography of the nanoparticles at
a growth temperature of 606 °C is discussed. A model qualitatively describing the
experimental findings is then applied. Based on this model, CNT growth at lowered
temperatures were carried out and aspects of the kinetics are discussed.
5.1. Reaction kinetics of the CNT growth process
The growth of CNTs consists of three individual steps.
1. Formation of catalyst nanoparticles
2. Adsorption and catalytic decomposition of the carbon precursor
3. Diffusion of carbon atoms and growth of the CNT
Formation of the catalyst nanoparticles
The diameter of the nanoparticle determines the number and the size of the CNTs
after growth [74, 95, 118–120]. The formation of the catalyst on a 10 nm Ta under-
layer was investigated previously [105]. A 2.3 nm Ni film on top of a 10 nm Ta CNT
growth substrate was found to provide the best CNT growth performance. Hence,
the same catalyst pretreatment1 procedure was employed for all samples investigated
here. The height and diameter of the catalyst nanoparticles were investigated for
different pretreatment temperatures and at different initial catalyst film thicknesses
with the results summarized in Figure 5.1.
1For the catalyst pretreatment a forming gas atmosphere containing 5:1 N2:H2 was applied and the
temperature was kept constant for 10 min at the desired growth temperature.
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Figure 5.1.: Dependence of the obtained average nanoparticle parameters in depen-
dence of the initial catalyst film thickness at two different pretreatment
temperatures.
For initial catalyst thicknesses above 2 nm no differences of the nanoparticle
height and diameter was observed for both temperatures, while an initial Ni film with
a thickness beneath 2 nm yielded a minor decrease of the height and the diameter
of the formed nanoparticles. However, the height and diameter of the nanoparticles
is strongly affected by the pretreatment temperature. Figure 5.2 plots the resulting
nanoparticle parameters in dependence of the pretreatment temperature for a sample
with a 10 nm Ta layer and a 2.3 nm thick catalyst film, revealing that decreasing the
temperature causes a decrease of the diameter and the height of the nanoparticles. At
the lowest investigated pretreatment temperature of 450 °C the height of an individual
particle does not exceed 5 nm.
Figure 5.2.: Height and diameter of the nickel catalyst nanoparticles after pretreat-
ment of a 2.3 nm initial catalyst layer at different temperatures.
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Discussion
The respective values (heights and diameter) are used to calculate the dewetting limit
(the details of the calculation can be found in the appendix D) for each respective
sample, illustrated in Figure 5.3. In the case of high temperatures, for catalyst
thicknesses above 2 nm the dewetting limit is reached, which indicates a good
separation of the nanoparticles.
Figure 5.3.: Nanoparticle density for different initial catalyst film thicknesses at
two different temperatures. The hollow structures correspond to the
respective dewetting limit, based on the average nanoparticle diameter
and height.
The fact that the dewetting limit is sometimes slightly below the actual measured
nanoparticle density is due to the overestimation of the particle diameter during
AFM investigations and the inhomogeneous distribution of the nanoparticle size. In
contrast, at low temperatures the low nanoparticle height accompanied by the large
deviation from the dewetting limit indicates an insufficient formation of the catalyst
nanoparticles.
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Decomposition of the carbon precursor and subsequent
growth of CNTs
The second step consists of the adsorption of the carbon precursor on available
catalytic sites and the subsequent decomposition of the hydrocarbon. Within this
stage the carbon remains adsorbed on the surface, while two hydrogen atoms react
to form gaseous hydrogen. In the case of the carbon precursor ethene, the first
subtraction of one hydrogen atom is considered to be the rate limiting step [121].
Assuming that hydrogen adsorption is negligible, the simplified chemical reaction
given in Equation 5.1a can be used to describe the reaction kinetics of the ethene
decomposition. In the equation Cads labels carbon atoms adsorbed on surface sites,
while the symbol  indicates a free surface site.
C2H4 + 2 
 2Cads + 2H2 (5.1a)
The reaction rate rdec of the ethene decomposition is than given by:
rdec = k1 [C2H4] []2 − k−1 [Cads]2 [H2]2 (5.1b)
With k1 and k-1 being the rate constants of the forward and revers reaction.
In the third step the adsorbed carbon on the metal forms a CNT, if the nanoparticles
provide a sufficient curvature. The growth rate of the CNT is then driven by the
amount of carbon atoms incorporated into the CNT within a certain time. This
reaction and the corresponding reaction rate rCNT can be described by Equation 5.2a
and 5.2b. k2 and CCNT label the reaction rate constant of the CNT growth and the
amount of carbon incorporated into CNTs, respectively.
Cads ⇀ CCNT +  (5.2a)
rCNT = k2 [Cads] (5.2b)
It is reasonable to assume that the reaction 5.1a is at equilibrium [122]. It was
shown theoretically [123] and experimentally [124] that the rate constant of the CNT
growth process (5.2b) is determined by the diffusion of carbon atoms.
If no other adsorbents are present, the relationship 5.3 presenting the coverage of
the two adsorbents applies.
[] + [Cads] = 1 (5.3)
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High temperature case
In Figure 5.4(a) the CNT growth rate is determined by evaluation of the height of a
CNT mat for different initial catalyst film thicknesses after 10 min of CNT growth2.
(a)
(b)
Figure 5.4.: Dependence of the CNT growth rate on the partial pressure of (a) ethene
without providing additional hydrogen and (b) hydrogen at a ethene
partial pressure of 896 Pa. In both cases the CNT growth was performed
at 606 °C.
2This simplified procedure to obtain the CNT growth rate can be applied, because a linear correlation
between the CNT mat height and the growth time with a short induction time was verified on
the same layer stack [105]. Also on other CNT growth substrates the same behavior has been
observed [125].
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The CNT growth rate in dependence of the hydrogen partial pressure is plotted
in Figure 5.4(b) without revealing any particular trend. All the experiments were
carried out using an ethene partial pressure of 896 Pa at a growth temperature of
606 °C.
Discussion In the case of a comparable high temperature carbon atoms diffuse
quickly, and thus are incorporated into the CNTs within a short time. Hence, the
chemical reaction provided in Equation 5.1a is the rate limiting step for the growth
of carbon nanotubes, which implies that almost all available surface sites are free
( → 1) and according to Equation 5.3 the number of the adsorbed carbon atoms
Cads → 0 can be neglected. Based on these assumptions, the CNT growth at







Indeed, on the 10 nm Ta / Ni catalyst system this dependence is observed for different
catalyst thicknesses at a growth temperature of 606 °C. However, in contrast to the
expectation, no dependence on the hyrdogen partial pressure could be confirmed.
This is in agreement with the observation of the influence of hydrogen on CNT
growth in literature [121, 122]. The negligible influence of the hydrogen gas is in
line with the assumption that the concentration of the adsorpt carbon Cads is close
to 0, which means that the contribution of the backward reaction of the ethene
decomposition on the overall growth rate of the CNT is marginal. However, the
presence of hydrogen in the CNT growth atmosphere leads to entanglement in the
vertical aligned CNTs, which is caused by the incorporation of hydrogen into the
CNT structure, leading to sp3 hybridized carbon. The enhanced defect density with
increased hydrogen content during CNT growth was also confirmed by Raman
spectroscopy.
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Low temperature case without additional hydrogen
Due to those findings, CNTs were grown with an initial catalyst thickness of 2.3 nm
or 3.0 nm and partial pressures of 89.6 Pa and 0 Pa for ethene and hydrogen,
respectively. In order to achieve such a low ethene partial pressure a reduction of the
overall chamber pressure to 2000 Pa during the CNT growth step was required. The
CNT growth rate for different temperatures is given in Figure 5.5.
Figure 5.5.: Arrhenius plot of the CNT growth rate for an applied partial pressure of
89.6 Pa and 0 Pa for ethene and hydrogen, respectively3.
Discussion According to the Arrhenius Equation 5.5 the dependence of the speed
of a chemical reaction on the temperature is provided.






In the equation k, R and T represent the rate constant, the universal gas constant and
the temperature, respectively. The overall reaction rate is than determined by the
activation energy EA and the Arrhenius constant AC. Based on the plot in Figure
5.5 an activation energy of (0.94 ± 0.03) eV and (1.02 ± 0.11) eV is obtained for
an initial catalyst thickness of 2.3 nm and 3.0 nm, respectively. Those values are
in good agreement with the activation energies for the thermal decomposition of
hydrocarbons on Ni surfaces [121, 122, 124].
3For each investigated temperature the CNT growth rate is determined based on a growth process
lasting for 10 min, assuming a constant growth rate throughout the process.
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Low temperature case with additional hydrogen
If hydrogen is added at lowered temperatures the CNT growth rate is direct propor-
tional to the hydrogen partial pressure as illustrated in Figure 5.6.
Figure 5.6.: CNT growth rate in dependence of the hydrogen partial pressure at
low growth temperatures, while applying an ethene partial pressure of
89.6 Pa4.
Discussion At low temperatures the incorporation of adsorbed carbon atoms into
the CNTs occurs slowly, thus instead of the decomposition of the carbon precursor,
the propagation of the CNT growth front (Equation 5.2a) is the rate limiting reaction.
Hence, at those conditions almost all available surface sites are blocked by adsorbed
carbon and the boundary conditions Cads → 1 (equals  → 0) applies. Based on
these assumptions, the result of the simplification of the equations 5.1b and 5.2b is
that the CNT growth rate depends solely on the reaction constant k2, which at low
temperatures is predominately determined by surface diffusion of carbon atoms [124,
126]. The activation energy for carbon diffusion ED on Ni is below 0.5 eV [124].
However, the diffusion coefficient D depends proportional on the number of vacancies
[127]. Taking all this into account the CNT growth at low temperatures is strongly
influenced by the creation of vacancies, thus the reverse reaction of the ethene
decomposition is important and the overall CNT growth rate can be described by
Equation 5.6, revealing that at constant temperature a proportionality between the
4The CNT growth rate is determined based on a process lasting for 10 min.
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hydrogen partial pressure and the CNT growth is expected:












Equation 5.6 also illustrates that the CNT growth rate constant k2 is proportional
to the overall number of available surface sites, explaining the increased growth
rates for thicker initial Ni catalyst films in all investigated samples. Hence, it can
be concluded that in order to grow CNTs with a thermal budget below 450 °C, a
reduction of the rate of ethene decomposition is required. This can be achieved by
decreasing the ethene or by increasing the hydrogen partial pressure.
Diffusion of catalyst material
One additional aspect not discussed up to now is the diffusion of catalyst material
into the layer beneath, which can reduce the catalytic activity and thus the growth
rate [128]. Also, the layer beneath the catalyst film should be stable at the growth
conditions, since otherwise the CNT growth kinetics can be affected [129–131].
However, this effect should be negligible especially at low temperatures.
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5.2. CNT growth at back-end of the line compatible
temperatures
The knowledge obtained on the previous section was applied to optimize the growth
of CNTs at BEOL-compatible temperatures. Two examples for CNTs grown at
450 °C and 400 °C are shown in Figure 5.7. In both cases an ethene partial pressure
of 36 Pa was used and no additional hydrogen was supplied.
(a) (b)
Figure 5.7.: SEM images of CNTs grown at a temperature of (a) 450 °C and (b)
400 °C5.
To investigate the CNT quality, the microstructure of the as grown CNTs were
investigated by TEM (Figure 5.8) revealing the presence of numerous defects within
the CNT structure; each change of the direction of the CNT shells is associated with
the presence of a 5-7 type defect.
Figure 5.8.: TEM image of a CNT grown at 400 °C6.
5The following are not yet mentioned CNT growth parameters were applied: dNi = 1.5 nm; t = 30 min
6CNT growth parameters: T = 400 °C; dNi = 1.5 nm; t = 30 min; p(C2H4) = 36 Pa; p(H2) = 0 Pa
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Figure 5.9.: Raman spectra of CNTs grown at 400 °C2.
Raman spectroscopy was employed to evaluate the CNT quality, with the spectra
provided in Figure 5.9.
Even though the D and G band have a similar height, a shift of the G band to
1604 cm-1 is observed, hence the transition from nanocrystalline to amorphous
carbon, where the Tuinstra-Koenig plot is not valid anymore, occurs within this
sample [109]. The low intensity of the second order bands, 2D and D+G, is expected,
once the incorporation of a large amount of defects during CNT growth causes the
presence of amorphous carbon [109].
Discussion
One particular issue for the growth of CNTs at low temperatures is a sufficient
nanoparticle formation and separation. Figure 5.2 in the prior section and Figure
5.1 show that the height of nanoparticles processed at low temperatures is small
in comparison to their counterparts processed at high temperatures. In addition,
density consideration based on those investigations revealed that the dewetting limit
of the catalyst particles density is not reached, which is an indication for insufficient
separation of individual nanoparticles. If in this initial step of the CNT growth the
catalyst particles are not separated, the curvature is insufficient to trigger CNT growth
and graphitic layers form instead [132, 133]. During the subsequent processing the
catalyst particles are mobile and can hence form particles with a sufficient curvature,
causing the onset of CNT growth, which finally yields to a structure composed of
vertically aligned CNTs connected by a graphite film on top of the CNT array. An
extreme case, in which the top layer is clearly visible is provided in Figure 5.10. In
addition, two examples based on TEM investigations are given in Figure 5.11.
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(a) (b)
Figure 5.10.: Vertical CNTs connected by a graphitic layer on top. Both images were
taken from the same sample7.
(a) (b)
Figure 5.11.: Two examples of CNT growth with insufficient nanoparticle formation
leading to graphitic layers on top of the CNTs8.
7CNT growth parameters: T = 400 °C; dNi = 1.0 nm; t = 30 min; p(C2H4) = 36 Pa; p(H2) = 0 Pa
8CNT growth parameters:
5.11(a) T = 450 °C; dNi = 1.5 nm; t = 30 min; p(C2H4) = 89.6 Pa; p(H2) = 0 Pa;
5.11(b) T = 450 °C; dNi = 2.5 nm; t = 30 min; p(C2H4) = 36 Pa; p(H2) = 179 Pa
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However, even on a sample with a dimension of 2×2 cm2, the growth of the carbon
nanostructure is inhomogeneous, as shown in Figure 5.10. This behavior can be
attributed to the stability of nickel carbides at temperatures below 460 °C [134]. At
growth temperatures below 460 °C the formation of nickel carbide can suppress
the nucleation of graphene sheets [134], which is a requirement for the growth of
MWCNTs. Hence, local differences in the nucleation of graphene sheets causes the
inhomogeneous formation of carbon nanostructures.
Finally, the feasibility of the growth of CNTs into vias with an incorporated
conductive bottom metallization is demonstrated (Figure 5.12).
(a) (b)
Figure 5.12.: SEM (a) Cross-section and (b) plan view image of CNTs grown in vias
at 450 °C9.
9CNT growth parameters: T = 400 °C; dNi = 2.3 nm; t = 30 min; p(C2H4) = 36 Pa; p(H2) = 179 Pa
69
5. Growth of carbon nanotubes
5.3. Incorporation of Cu into the bottom
metallization
In the interconnect system in ultra-large-scale integrated circuits, Cu is predominately
used as conductive material [6]. Since the goal is to design a via based on carbon
nanotubes, the bottom metallization should be compatible with the state of the art
technology. Thus, Cu is supposed to be the main conducting material in the bottom
electrode. Besides other requirements, the materials surrounding the Cu film should
be as thin as possible, and provide a good interface to Cu and a low contact resistance.
Furthermore, the layer stack has to be suitable for CNT growth. The layer stacks
Ta/TaN/Cu/TaN/Ta (Sample A) and Ta/Cu/Ta (Sample B) were investigated, and
benchmarked against the established Ta system (Sample R) [105]. In each case the
complete layer sequence was sputtered in vacuum. The layer thickness of Ta, TaN
and Cu were 10 nm, 20 nm and 100 nm, respectively. CNT growth was performed
using a standard CNT growth process (refer to chapter 4) using a hydrogen and
ethene partial pressure of 0.9 kPa to grow CNTs at a temperature of 606 °C. All
samples had a size of 2 × 2cm2. A schematic of the layers used is available in fig.
5.13.
(a) Sample R (b) Sample A (c) Sample B
Figure 5.13.: Schematics of the investigated layer stacks to incorporate Cu in the
bottom metallization.
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Figure 5.14 shows the results of the CNT quality examination, including SEM
cross sections and the obtained Raman spectra.
(a) Sample R (b) Sample A
(c) Sample B (d) Raman spectra
Figure 5.14.: SEM cross-sections (a) Sample R, (b) Sample A, (c) Sample B and (d)
Raman spectra obtained with a wavelength of λ = 514 nm.
In contrast to sample A with an incorporated TaN layer, sample B shows no
vertical alignment. The Raman spectra of this sample shows a significant increase of
defect density, as revealed by the ID/IG ratio of 1.56. The values of sample A and the
reference had similar ID/IG ratios of 1.08 and 0.93, respectively. As expected, the
width of the D and G band are increasing for sample B, reassuring the degradation
of the CNT quality.
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For a further insight, the CNTs were investigated by TEM equipped with EELS.
The obtained images are shown in Figure 5.15. In comparison to sample A and the
reference R, sample B shows a strong increase of catalyst nanoparticle size by a
factor of 5-10, causing a degradation of the CNT quality. Furthermore, in sample B,
carbon nanofibers (CNF) are present instead of CNTs. The presence of those large
particles required further consideration, since catalyst particle size can influence
CNT growth behavior [120, 135].
(a) Sample R (b) Sample A (c) Sample B
Figure 5.15.: TEM image of CNTs with nanoparticles of the (a) Reference (b) Sam-
ple A and (c) Sample B
A chemical analysis of the nanoparticles by means of EELS of the samples A and
B were performed. As shown in Figure 5.16 sample B had two principle EELS edges
at 854 eV and 931 eV, which can be attributed to Ni [108] and Cu [108], respectively.
Figure 5.16.: Comparison of the chemical composition of the catalyst nanoparticles
of sample A and B by EELS.
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Reproducibility and resistance of the bottom metallization
The resistance of the bottom metallization is predominantly determined by the
resistance of 100 nm thick Cu line. A resistivity of 2.3 ± 0.3 µΩcm was measured
for the Cu line, which compares well to literature [6]. This specific resistivity was
constant for all wafers, irrespective of the applied bottom metallization. However, in
few structures (less than 1%) the resistance of the bottom metallization could not be
measured. As shown in the SEM cross-section in Figure 5.17 stress-induced void
(SIV) formation after the CNT growth can cause the failure of vias.
Figure 5.17.: SEM cross section of a sample exhibiting void formation in the bottom
metallization during CNT growth
In a damascene process, voids form preferably at the bottom of the via at the
Cu-line/dielectric interface closest to the via because at this position the highest
stress gradients occur [136]. Electrical failure due to void formation can only occur if
two requirements are fulfilled [137]. First, enough vacancies have to exist. Secondly,
they need to accumulate and form a void large enough to cause electrical failure.
Since the wafer is exposed to comparable high temperatures during the CNT growth,
this processing-related growth of Cu grains can provide a high amount of vacancies.
In addition, the high temperature accelerates the accumulation of the vacancies.
Further, the layout for the electrical characterization, a single via on a copper plate,
is a geometry susceptible to stress induced void formation [137]. Sato et.al. [42]
found that void formation in the metal line due to electromigration is relevant for
CNT based interconnects. In this case Cu diffusion occurred, leading to failure of
the Cu M1 line.
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Discussion
The presence of Cu can alter the catalytic properties of Ni [138]. It can be assumed
that Cu is introduced into the catalyst by diffusion mechanisms. According to Ficks
Law the average penetration depth (Ldi f f ) of a diffusant can be calculated using
Equation 5.7.
Ldi f f =
√
4Dt (5.7)
In this equation t represents the time and D is the temperature dependent diffusion
constant, which can be expressed through:





Hereby, D0 is an intrinsic material parameter - the diffusivity. EA corresponds
to the activation energy of the diffusion process, while kB represents the Boltzman
constant. Three diffusion mechanisms can be separated into three components: bulk
diffusion, grain boundary diffusion and surface diffusion. To decide which of the
diffusion mechanisms dominates, the Huettig (TH) and the Tamman temperature (TT)
are defined. Below the Huettig temperature surface diffusion dominates, while at
the Huettig temperature atoms at defects sites become mobile, which corresponds
to the predominance of grain boundary diffusion. Once the Tamman temperature
is reached, atoms within the bulk are mobile and bulk diffusion becomes the main
diffusion mechanism. Neglecting size dependent effects, both temperatures can be
estimated based on the melting temperature (Tm) of the material in question, using
the following semi-empirical relationships (eq: 5.9) [139]:
TH = 0.3Tm (5.9a)
TT = 0.5Tm (5.9b)
Since, Ta and TaN have high melting points the diffusion of Cu through those
materials is dominated by grain boundary diffusion in the relevant temperature range
from 500 °C to 700 °C [140, 141].
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The in the experiment obtained grain boundary diffusion values of Cu through a
thin Ta layer, D0 and EA, are given to be 2.9*10-9 cm2/s and 1.22 eV, respectively
[140]. Taking into account that during CNT growth a substrate temperature of
600 °C is reached, and kept constant for 20 min, the average penetration depth
of the Cu into the Ta can be calculated to be 11 nm. Furthermore, diffusion is
already occurring during the heating of the sample, which contributes to a stronger
diffusion compared to the calculated value. Thus, the presence of Cu in the Ni
catalyst particle can be explained. TaN is known to be a much better Cu diffusion
barrier [142]. In the literature, D0 and EA for grain boundary diffusion were reported
to have values of 2.8*10-10 cm2/s and 1.3 eV, respectively [141]. Using Equation 5.7
the average diffusion length of Cu through TaN is estimated to be 2 nm under the
conditions used. Therefore, the introduction of TaN does prevent Cu diffusion, and
CNT growth properties are maintained. Garciá-Cespedes et.al. explained the change
of the observed growth kinetics by diffusion of the catalyst into the bulk material
[128]. However, here all samples have a 10 nm Ta substrate layer and a 2.3 nm Ni
initial catalyst film. Hence, the change in catalytic activity is unlikely to correlate
with the diffusion of the catalyst, but can be attributed to the incorporation of Cu
into the Ni catalyst. Especially, the similar properties of sample A and the reference
sample supports this argument.
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6. Planarization of carbon nanotubes in
via structures
This chapter describes the impact of the planarization process (CMP) including the
embedding with a dielectric material in order to stabilize the CNTs prior to the CMP
process.
6.1. Embedding of CNTs with dielectric material
The aim of the embedding is to prepare the samples for a subsequent planarization
step. If the CNTs are not embedded they would bend or break due to the high
mechanical stress employed during CMP [88, 143]. Considering the aspects of a via
application the embedding should fulfill the following criteria.
1. Conformal deposition
2. Negligible damage to the CNTs
3. Negligible damage to the electrical properties of the bottom metallization
The first part is predominately important for reproducibility concerns. A high
conformality and a complete filling increase the mechanical stability during pla-
narization. Further due to a conformal filling the number of voids is reduced and the
risk of having electrical contributions after top metallization deposition in parallel
to the CNTs is eliminated. Considering the second point, a degradation of the CNT
quality would also cause a degradation of the mean free path of the electrons and
thus degrade the electrical conduction through the CNTs [144]. Therefore, a degra-
dation of the graphitization of the CNTs will degrade the thermal [36] and electrical
properties [26, 38] of the CNT via. The third point is also immediately related to
the electrical performance of the interconnect; minimizing the contact resistance
between the metal-CNT interface is challenging, which is why degradation of the
interface has to be avoided (refer to chapter 7).
Discussion of the applied embedding process
Here, a subatmospheric CVD (SACVD) process utilizing the decomposition of
tetraethylorthosilicate (TEOS) precursor in the presence of ozone was applied. The
deposition lasts for 2 min with an expected film thickness of 270 nm. This could be
confirmed by the SEM cross section (Figure 6.1) providing an average film thickness
of (280 ± 20) nm on top of the W layer. Due to the different heights of the CNTs
within the via region and the deposition of SiO2 on the CNTs, height differences
develop which are planarized during the subsequent CMP step.
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Figure 6.1.: SEM cross section of a CNT via after application of the SACVD process
Conformity and Homogeneity
As can be seen in Figure 6.1 the SACVD-oxide is deposited even at the bottom of
the via structure and at the sidewall within the undercut. However, due to the large
aspect ratio of the CNTs a complete filling of the interspaces between the CNTs
is not achieved. The onset of the deposition of the SACVD-oxide at the CNT tips
closes the interspaces between the CNTs; hence, the precursors TEOS and ozone
can no longer penetrate to the bottom of the via with prolonged process times and
the deposition of the SiO2 ceases at the via bottom. The bottom metallization layer
is only covered with a (50 ± 10) nm thick SACVD-oxide film, as determined from
the SEM cross section investigations. The deposition of the SACVD-oxide layer on
top of the CNT sidewalls has a reliable good adhesion. However, in wafer areas with
a low CNT via density sometimes delamination of the SACVD-oxide layer occurred,
which raises concerns about the wafer lever homogeneity and reproducibility of the
embedding process, which may have a detrimental effect on the reproducibility of
the subsequent planarization process.
Impact on the CNT quality
The CNT quality was investigated after CNT growth, after the SACVD process and
after the subsequent planarization process by means of Raman spectroscopy on the
same sample, which is shown in Figure 6.2, revealing a small degradation of the
CNT quality. For comparative purpose, the spectra were normalized to the G-Band.
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Figure 6.2.: Comparison of the normalized raman spectra obtained after CNT growth,
after the SACVD process, and after planarization of the CNT vias
For several wafers the ID/IG ratio was determined after CNT growth as well as
after planarization, while a factor f, which is calculated by the relationship 6.1, is
introduced to quantify the degradation of the CNT quality.
f =
ID/IG (after CNT growth)
ID/IG (after planarization)
(6.1)
On average, the factor determining the increase of the CNT defect density is
calculated to be 1.1 ± 0.1, thus revealing a minor degradation of the CNT quality.
The increase in defect density can be attributed to ozonolysis, which is known to
break carbon-carbon double bonds even at room temperature [145]. However, during
their investigations Mawhinney et.al [145] found on SWCNTs that the ozonolysis
is occurring at the ends of the nanotubes, while the backbone of the CNT remains
intact. This indicates that ozone preferentially attacks the CNT at defect sites. In
addition, it was found that an ozone treatment can be used to functionalize the CNT
sidewalls of MWCNTs, because the ozone exposure only damages the outermost
wall, while the inner CNT walls are protected by the outer walls and remain intact
[146–148]. A similar effect was observed during the investigations of a Cu-ALD
process after different pretreatments on top of CNTs, which were grown by the same
CNT growth recipe as the CNTs incorporated into the vias [149]. In addition to the
referred literature, here, the ozone acts as a reactive agent, reacting preferentially
with the TEOS precursor, causing the deposition of a SACVD-oxide film almost
immediately covering the CNT sidewalls. Thus, the CNTs are only exposed to the
ozone vapor for a short time.
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Alternative approaches as referred to in literature
In the literature alternative embedding approaches were suggested to impede the
degradation of the bottom metallization and the CNTs. One successful approach
is the covering of the CNT sidewalls with an Al2O3 using the ALD process [88,
96]. Even though a high conformality can not be achieved with spin-on-glasses,
this method of embedding was successfully employed to prepare CNT vias [81, 86].
Another alternative approach, presented in chapter 10, is considering the conformal
filling of the via with the conductive and BEOL compatible CVD-TiN.
6.2. Impact of the chemical mechanical
planarization
An end-bonded metal deposited on a capped nanotube, only establishes a contact to
the outermost CNT wall. Since all shells in a MWCNT are conductive [150], a CMP
process to remove the cap was proposed, to form a metal-CNT contact to the inner
shells of the MWCNT [91]. Typically, a CMP process designed for the removal of
SiO2 is employed [42, 79, 88]. The CNTs are removed mainly by the mechanical
force of the polishing process, while the removal rate of the SiO2 is influenced by a
secondary chemical contribution [143].
AFM images of the topography of a complete via, as well as the morphology inside
a CNT via after planarization are provided in Figure 6.3. The gaps at the edges of
the via reveal that the W film is polished during planarization, thus CMP slurry can
penetrate into the via undercut if it was not filled during the embedding process.
Indeed, the presence of slurry particles could be confirmed by cross-section SEM.
Further, the higher resolution AFM images proves that the CNTs are protruding out
from the ILD by (10 ± 5) nm
(a) Complete via (b) Within the via
Figure 6.3.: Topography of the CNT via after planarization (a) overview of the
complete via (b) high resolution within a CNT via
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In addition, the phase image of high resolution AFM images (Fig: 6.4) revealed the
presence of an hole within a single MWCNT. This confirms the successful removal
of the CNT caps during planarization. The average CNT diameter was determined
measuring the structure from peak-to-peak to neglect the influence of the AFM tip.
This procedure yields an average CNT diameter of 20 nm, which is in conjunction
with the TEM analysis on blanket substrates. Also, despite the large tip radius, the
estimation of the inner diameter of 5-7 nm is in agreement to the TEM data.
Figure 6.4.: High resolution AFM phase-image showing a single CNT after pla-
narization
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A second beneficial effect is related to the morphology of the top metallization, as
illustrated by the SEM cross section in Figure 6.5.
(a) Without CMP (b) With CMP
Figure 6.5.: SEM cross section images of a CNT based via (a) without and (b) with
planarization by CMP previous to the deposition of the top metallization.
Discussion
The following description refers to an Ta/Cu M2 line. Due to the high roughness of
the via after CNT growth, a 50 nm metal contact layer is insufficient to completely
cover the CNT ends, hence a CNT-Cu interface evolves. Owing to the low wettability
of Cu on carbon [64], each CNT can act as a nucleation center for Cu grain growth.
Consequently, a significant number of CNTs does not contribute to the overall via
conduction and the via has a high resistance. In contrast, after planarization the
roughness is strongly reduced and the CNT tips are protruding out by (10 ± 5) nm,
hence the deposition of a 50 nm Ta layer is uniformly covering the opened CNT tips
and a uniform CNT-Ta-Cu contact is generated for each shell of the MWCNT.
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metallization - carbon nanotube
interface
This chapter considers the influence of different capping layers on top of the bottom
metallization with incorporated copper. This material is the conductive substance in
contact to the CNTs and hence crucially determines the resistance of the M1-CNT
contact. In addition, the bottom metallization capping layer is exposed to oxygen
during the integration scheme. The layer stack composed of (from bottom to top)
10 nm Ta / 20 nm TaN / 100 nm Cu / 20 nm TaN was sputtered. Without exposing
the sample to air a 10 nm Ta (section: 7.1) or a 10 nm TiN (section: 7.2) film were
deposited on top and the via performance was investigated in depth. For comparison
reasons, the initial structure with TaN as capping layer was evaluated (section: 7.3).
In addition, a layer stack having a 1 nm Ta film deposited on the original layer stack
was investigated. In this case the TaN was exposed to air before the thin Ta layer was
deposited (section: 7.3). The scheme in Figure 7.1 summarizes the investigated layer
stacks after the deposition of the bottom metallization, while within each illustration
the material forming the electrical contact between the M1 line and the CNTs is
highlighted.
(a) 20 nm TaN (b) 10 nm Ta (c) 1 nm Ta with air
exposure of the TaN
layer beneath
(d) 10 nm TiN
Figure 7.1.: Overview of the bottom metallization layer stacks used for the prepara-
tion of CNT based vias.
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7.1. Properties of CNT based vias with a Ta-CNT
interface at the bottom metallization
Electrical evaluation
Resistance of a single MWCNT after planarization by cAFM
The cAFM mapping in Fig 7.2 measured directly after planarization reveals that the
behavior of different vias is inhomogeneous.
Figure 7.2.: Current mapping of a CNT based via array with a Ta-CNT interface at
the bottom metallization, including the I-V characteristic of different
CNTs within the best performing (green encircled) via in the inset
For individual CNTs a difference of two orders of magnitude of the resistance
between different vias was found. While for the green encircled via a resistance of
1.4 MΩ was measured, CNTs within the red encircled via had a resistance of 427 MΩ.
Other than the large inhomogeneities within different vias, each CNT within the
same via has the same I-V characteristic, as shown in the inset of Figure 7.2.
Resistance of the complete CNT based via
Also the electrical characteristic of the CNT based via, including the resistance
contribution of the Ta top metallization exhibits large variations as shown in the
cumulative frequency plot of the measured resistance for different via sizes in
Figure 7.3.
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Figure 7.3.: Cumulative frequency plot of the resistance of different CNT based via
diameters with a Ta-CNT bottom contact.
Furthermore, Figure 7.4 provides the determined median resistances and the yield
for different via sizes. The yield is defined as the fraction of CNT based vias with a
resistance below 1014 Ω.
Figure 7.4.: Plot of the median resistance and yield in dependence of the via diameter
with a Ta-CNT bottom metallization contact. The yield gives the fraction
of vias with a resistance below 1014 Ω. In addition, the via resistance is
estimated based on the cAFM evaluation.
Plotting the different via diameters against the measured resistance a linear fit is
obtained, which intercepts the y-axis at a positive value, which can be interpreted
as the resistance of a via with an infinite via size. Thus, only the resistance of an
intermediate film between the bottom Cu line and the CNT can contribute to this
value. The yield decreases with reduced via diameter.
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The estimation for the via resistance is based on the cAFM data applying the
Equations 4.8 and 4.7 as described in the experimental chapter 4. The CNT density
of the vias was determined to be (2.3 ± 0.2)*1010 cm-2, thus yielding the extremal
values of the CNT resistance to be in the range between 6.2*102 Ω and 1.9*105 Ω
for 2 serial connected 5 µm vias. This is in good agreement with the obtained
experimental results as can be seen in Figure 7.4.
Investigation of the CNT quality
To get an insight about the CNT quality Raman spectra were acquired and a map
of the investigated region created. The obtained local intensities of the G band
are displayed in the Raman map shown in Figure 7.5. In addition, Raman spectra
acquired on the top of two vias (inside) and between them (outside) are shown.
(a) (b)
Figure 7.5.: (a) Raman intensity map of the G band showing the uniformity of CNTs
in vias; (b) typical Raman spectra on top of two vias (inside) and between
them (outside).
For all vias the ID/IG ratio remains constant having a value of 0.88 ± 0.05. The
shape of the three peaks (D, G, 2D) does not change throughout the investigated
region. Thus, the Raman results show a homogeneous CNT quality among the vias.
Chemical composition of the Ta-CNT interface after via
preparation
The EFTEM map of the vias cross section, as well as the corresponding high
resolution bright field image, is shown in Figure 7.6.
Three layers can be distinguished between the Cu incorporated in the bottom
metallization and the bright CNT/SiO2 composite. All these layers are composed of
Ta with varying amounts of the light elements carbon, nitrogen, and oxygen. Closest
to Cu, the as-desired 20 nm thick TaN layer is present. By means of EELS no oxygen
impurities were found within this layer. The Ta layer above is significantly thickened
due to the incorporation of oxygen and carbon. The thickening of the tantalum layer
was already observed after CNT growth [105].
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(a) (b)
Figure 7.6.: Investigation of the Ta-CNT interface. (a) High resolution bright field
TEM cross section. (b) EFTEM mapping of carbon and oxygen.
Discussion
Bayer et al. [130] performed in-situ X-ray diffraction measurements during CNT
growth. They found that during CNT growth the formation of tantalum oxides
and tantalum carbides can occur. The carbon for the carbide formation is supplied
during the decomposition of the carbon precursor in the CNT growth step, while the
oxidation of the layer can be attributed to residual oxygen gas contaminations such as
oxygen and water in the CVD chamber [130]. In addition, the samples were exposed
to air after the metal deposition process. Thus, a surface oxide can already form
during the sample transfer. Indeed, XRD investigations on unstructured samples
indicate that oxidation of the Ta substrate occurs during CNT growth, as explained
in detail in the appendix B. The resistance increased depending on the amount of
oxygen incorporated into the interfacial layer, which predominantly determines the
resistance of the CNT based vias [151]. Even the formation of tantalum carbides
would be feasible at the CNT growth conditions used in this experiment [152]. Since
tantalum carbides are conductive [130, 153], their presence reduces the interfacial
resistance. In contrast to Ta, the TaN layer beneath is stable against oxidation. Hence,
the Cu is not exposed to oxygen, and the bottom metallization line remains highly
conductive. Compared to the vertically aligned CNTs prepared by Bayer et al. [130]
and Nessim et al. [154], the observed resistance is higher in this work. In both
investigations [130, 154] an as grown CNT film was characterized by cAFM, while
in the experiment discussed within this work the CNTs are embedded and planarized
after CNT growth. Even though the Ta layer is almost immediately covered by SiO2
during the SACVD embedding procedure (refer to section 6.1), the exposure of the
bottom metallization to ozone leads to additional oxidation of the tantalum layer.
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7.2. Properties of CNT based vias with a TiN-CNT
interface at the bottom metallization
Electrical evaluation
Resistance of a single MWCNT after planarization by cAFM
The electrical results of the bottom contact with a TiN capping layer evaluated after
planarization is shown in figures 7.7.
Figure 7.7.: Current mapping of the CNT based via array with a TiN-CNT interface
at the bottom metallization.
The cAFM mapping appears highly homogeneous within the whole investigated
region. To explain the results, the number of CNTs in contact to the AFM tip has
to be considered first. Taking the determined CNT density (2.1 ± 0.3)*1010 cm-2
into account, and applying Equation 4.6 (refer to the experimental section 4.3),
the number of CNTs contributing to the conduction is estimated to be 1.1 ± 0.1
CNTs. Hence, it can be assumed that the determined resistance of (62 ± 17) kΩ is
characteristic for each individual MWCNT within a via.
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Resistance of the complete CNT based via
The electrical characterization of the fully integrated vias are shown in Figure 7.8.
Figure 7.8.: Cumulative frequency plot of resistance of different CNT based via
diameters with a TiN-CNT bottom contact.
All working vias, including the 800 nm diameter ones, shows fully ohmic behavior
in the measured region. However, the failure rate increases with decreasing via size.
Two kind of failure regions can be defined. On the one hand are the vias that fail
completely. In the cumulative frequency plot those have a resistance of 1015 Ω. The
percentage of those are considered to be an estimate for the yield of the process. On
the other hand, there exist vias which are less conductive.
The dependence of the measured resistance on the via diameter is plotted in
Figure 7.9 using the median of the evaluated structures. An inverse proportionality
between the via surface and the resistance has been found. According to Equation
2.12 the via conduction increases linearly with the number of CNTs. The prediction,
based on the cAFM measurements, is also incorporated into Figure 7.9, which
represents the measured via resistance quite accurately. Even the predicted variations
based on the deviations of the CNT density and the resistance per CNT are within
the same order of magnitude for the 2 µm and 5 µm vias. Since the third quartile of
the 0.8 µm and the 1.0 µm vias are already in the first failure regime, the calculation
based on the cAFM data underestimates the process deviations in this case.
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Figure 7.9.: Plot of the median resistance and yield in dependence of the via diameter
with a TiN-CNT bottom metallization contact. The yield gives the
fraction of vias with a resistance below 1014 Ω. In addition, the via
resistance is estimated based on the cAFM evaluation.
Investigation of the CNT quality
The microstructure of the bottom contact and the CNT quality is evaluated by Raman
spectroscopy and electron microscopy. The data obtained by Raman spectroscopy
mapping are shown in Figure 7.10, which is the same region on which cAFM
measurements were performed.
(a) (b)
Figure 7.10.: Raman spectroscopy results (a) Map of the ID/IG ratio (b) Raman
spectra of three different spots
As can be seen in Figure 7.10 minor differences in the ID/IG ratios within the
investigated regions have been found. The CNTs within one of the vias with an
enhanced ID/IG ratio exhibited an increased resistance, while otherwise no significant
difference in the CNT quality by Raman spectroscopy or cAFM was found. Between
the via region the spectrum is only represented by a flat baseline. This is expected,
since there should not be any carbon present.
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Chemical composition of the TiN-CNT interface after via
preparation
In similarity to the Ta based sample, the TiN film is thickened by a factor of two.
Beneath the thickened TiN layer, the as deposited 20 nm TaN layer is present with the
Cu line beneath. In contrast to Ta, an intermediate layer between the TiN substrate
and the CNTs with a thickness of 5-7 nm can be distinguished, which is composed
of Titanium, Oxygen and Carbon, as revealed by EFTEM. The dark-field image of
the TiN-CNT interface confirms that the TiN film is crystalline with a grain size of
16-21 nm, which is in good agreement with the 18 nm measured by XRD on blanket
substrates (appendix B). Further, the low crystallinity of the carbon nanotubes is
confirmed.
(a) (b)
Figure 7.11.: Investigation of the TiN-CNT interface. (a) High resolution bright field
TEM cross section. (b) EFTEM mapping of carbon and oxygen.
(a) (b)
Figure 7.12.: (a) Cross section Dark-field image of the CNT - TiN interface. (b)
Electron diffraction pattern of the via cross section.
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Reproducibility of the CNT growth within via holes on a TiN
capping layer
The reproducibility of the CNT growth depends on the homogeneity of the growth
temperature and the catalyst deposition. As explained in chapter 5, the height of
a CNT mat is influenced by the CNT growth temperature, thus variations of the
CNT growth kinetics can occur depending on the position of the wafer due to the
inhomogeneous temperature distribution within the CVD chamber (appendix A).
CNTs not exceeding the ILD were observed at the wafer edge. This explains why
structures at the edge are more prone to failure, compared to their counterparts
in the center. In addition, a reduced CNT quality would be expected. However,
Raman evaluations performed on structures at the center and at the edge of the wafer
revealed only a minor increase of the ID/IG ratio of 0.1. Thus the impact of CNT
quality deviation should be negligible on wafer scale.
A homogeneous catalyst deposition is influenced by the aspect ratio of the via.
The higher the aspect ratio, the less nickel is deposited at the bottom of the via by
PVD [155], which may alter the CNT growth kinetics. In the case of the 800 nm via
this can even lead to a total inhibition of CNT growth (Figure 7.13). This mechanism
explains the increasing failure rate with decreasing via size.
(a) (b)
Figure 7.13.: 30° tilted SEM image of a (a) failed (b) working 0.8 µm via after CNT
growth
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Discussion
The resistance of titanium oxide depends strongly on the stoichiometry. If the
amount of O:Ti ratio is below 1.75 the resistivity of the Titanium oxide will not
exceed 5*104 µΩcm, while as long as the amount of Ti atoms within the sample
exceeds the number of O atoms the resistivity is below 3*103 µΩcm [156], which is
one order of magnitude larger than the resistivity of TiN [76]. In order to benchmark
the impact of the partially oxidised interfacial layer on the electrical properties, the
classical Equation 7.1 to calculate the resistance R of a section is applied. Here the
worst case is assumed for the calculation, taken into account the maximal resistivity
ρinter f ace of the interfacial layer (5*104 µΩcm [156]) and the measured thickness
tinter f ace of (6 ± 1) nm. To reveal the impact of the interfacial layer on the resistance
of a single MWCNT as determined by cAFM, the average CNT diameter d of 20 nm
is taken into account to determine the cross-section of the contact.
Rinter f ace = ρinter f ace
4 ∗ tinter f ace
pi ∗ d2 (7.1)
For this worst case scenario a resistance of about 10 kΩ is obtained, hence imperfect
CNT-metal contacts can originate from the resistance of the intermediate layer and
from the contact resistance of the TiN-CNT interface. In literature, the presence of
oxygen on top of TiN was proven to degrade the electrical via performance [80]
severely. Even for a cleaned TiN surface Chiodarelli et.al. [49] concluded that the
contact resistance between one MWCNT and the TiN film is 116 kΩ, which is not
including the resistance of the CNT itself. In comparison, here a lower resistance is
obtained, which even includes the resistance contribution of the CNT. Schulze et.al.
[97] found an even more elevated contact resistance of 560 kΩ per MWCNT on a
sample with an intentionally reduced CNT density. As shown in Figure 7.11 carbon
is incorporated into the TiN layer during the growth of CNTs by CVD. As explained
in detail in chapter 5.1, the catalytic decomposition of the ethene precursor provides
atomic carbon and the diffusion of those carbon atoms and their rearrangement
causes the growth of the CNTs. Since the CNT growth on TiN occurs through a
root growth mechanism, the atomic carbon is deposited to the bottom metallization
(TiN) interface and thus may as well diffuse into the TiN layer, instead of forming
CNTs. This explains the presence of carbon within the TiN film, which may reduce
the TiN-CNT contact resistance. Since Ti is known to have a good wettability on
carbon, the local formation of strong Ti-C bonds may occur [64]. Even the formation
of titanium carbide at the CNT growth conditions would be feasible [152], which
would significantly reduce the CNT-metal contact resistance [61]. TiN and TiC form
both a face centered cubic lattice, with lattice constants of 0.42 nm [157](PDF -
TiN: 01-071-0299) and 0.43 nm [157, 158](PDF - TiC: 00-032-1383), respectively.
Unfortunately, due to this small difference of the lattice constants, the electron
diffraction pattern provided in Figure 7.12 does not allow to distinguish between TiN
and TiC.
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7.3. Other bottom metallization capping layers
Electrical evaluation after planarization obtained by cAFM
Two additional bottom metallization capping layers were evaluated, with TaN as
the top layer on the initial Ta/TaN/Cu/TaN metal line. Further, after exposing the
initial layer stack to air, a thin 1 nm Ta film was sputter deposited. Then the vias
were prepared as described in the experimental chapter 4. Figure 7.14 plots the
resistance values as obtained for different capping layers, including the results with a
TiN capping layer.
Figure 7.14.: Resistance of a single MWCNT obtained by cAFM including the
contact resistance of different bottom metallization-CNT interfaces.
The error bars are based on the deviation of the results within one wafer, which can
originate from inhomogeneities within the structure and errors from the measurement
setup itself, such as differences in the shape of the AFM tip. The resistance values
based on nitrides are in the same range, with TaN slightly outperforming TiN
after planarization. However, the 1 nm Ta - CNT contact exhibits an extremely
low resistance, clearly outperforming the nitride-CNT contacts. While an average
resistance of (12 ± 3) kΩ was obtained for this contact, for one MWCNT a resistance
of even below 1 kΩ was measured10, which is close to the optimal achievable value
of approximately 500 Ω per MWCNT (refer to Equation 2.12 and 2.11).
10This value is considered as an outlier and not taken into account in the statistics
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Variation of the electrical and morphological properties after
planarization
In addition, cAFM investigations on the sample with a 1 nm Ta capping layer,
revealed the presence of morphological defects, causing an increased via resistance
on wafer level. Figure 7.15 illustrates the correlation between the morphology, the
current map and the counts of the D and G band extracted from spatially resolved
Raman spectroscopy mappings of twenty-five 2 µm vias in close proximity.
(a) Morphology (b) Current
(c) ID/IG ratio
Figure 7.15.: Mapping of the (a) morphology, (b) current and the (c) Raman mapping
of the ID/IG ratio intensity ratio of a CNT based via with a 1 nm Ta-
CNT bottom metallization interface. The colored lines represent the
extracted line scans plottet in Figure 7.16
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Figure 7.16.: Line profile through vias with a high and low current, including the
topography of those vias and the CNT quality as determined by the
ID/IG ratio.
Several aspects can be illustrated at Figure 7.15 and in the associated line profile
shown in Figure 7.16. First, morphological defects appear predominantly at the etch
of the structure and cause an increase of the resistance of individual CNTs within
the respective via. An increase of CNTs resistance of up to one order of magnitude
compared to nearby vias was observed. Furthermore, the resistance of individual
CNTs within a defective via varies. In addition, defective vias exhibit an enhanced
ID/IG ratio, revealing a reduced CNT quality and may thus explain the partially
reduced conductance of the CNTs within those via structures. Raman spectroscopy
revealed a minor degradation of the CNT quality after embedding and subsequent
planarization.
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Discussion
The occurrence of defects and inhomogeneities can originate from three aspects:
The CNT-CVD process, the embedding, and the planarization. Based on the CNT-
CVD process small variations in terms of CNT density and height between different
positions occur. While deviations in CNT qualities are minor, height differences
could be observed. In addition the TaN diffusion barrier may fail, depending on the
wafer position, leading to void formation during CNT growth and thus destabilizing
the bottom metallization and CNT alignment (For details refer to section 5.3).
In the worst case this effect even leads to the delamination of the CNT structure.
The second origin of the defects is related to the embedding. As shown in the
previous section 6.1, SACVD deposited silicon oxide is preferably deposited on
top of CNTs, but tends to delaminate if large areas are in contact with Tungsten.
The third origin of the defects is the CMP process. Due to simplicity reasons
for CNT growth no CMP stop layer was used. In addition, the mask layout was
optimized for the electrical evaluations and is hence not perfectly suitable for the
planarization process. For instance, to avoid the parallel contribution of many vias
to the electrical properties, no CMP supporting structures are present close to the
electrically characterized vias. Hence, the initial pressure on the embedded CNTs is
higher than anticipated, which may lead to the bending, twisting and even snapping
of the CNTs within those vias. If the number of CNTs is low, the CNTs are more
defective. This effect is enlarged since the mechanical stability of the CNTs in the
via is reduced. Furthermore the differences in the via arrays can be explained in
terms of the mechanical load on the vias, which are higher at the edge of the via
array then in the center, thus more morphological defects are created there. It has
been reported that mechanical bending of CNTs has an effect on the Raman spectra,
and alters the electrical properties of CNTs [159, 160].
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8. Investigation of the top metallization -
carbon nanotube interface
This chapter describes the impact of various procedures applied after planarization
and the subsequent impact on the electrical performance at several stages, including
the impact of an HF treatment previous to the deposition of the top metallization
(section 8.1), an investigation of the material providing the minimal resistance at the
top metallization-CNT interface (section 8.2), as well as the impact of two different
annealing methods on the CNT based via resistance (section 8.3).
8.1. Influence of HF etching before the deposition
of the top contact
Electrical evaluation
The impact of the HF treatment on the electrical properties of fully prepared CNT
based vias with a 50 nm thick Ta CNT contact metal were investigated and the results
are presented in Figure 8.1. In both cases the cumulative frequency plot is provided
for a sample with the conductive TiN bottom metallization capping layer (refer to
7.2) and the 10 nm Ta bottom metallization capping layer (refer to 7.1), which is
partially oxidized.
Both cumulative frequency plots show a significant improvement of the yield of
the CNT based vias due to the HF treatment. Considering only the working CNT
based vias, for the conductive TiN capping layer a reduction of the resistance of
approximately a factor of 1.9 is observed, while for the vias with the Ta bottom
metallization no significant variations in terms of resistance can be seen among the
working CNT based vias.
For the fully incorporated vias evaluated in Figure 8.1, the resistance includes the
contributions originating from the intrinsic resistance of the top and bottom metal-
lization lines, the contact resistance of the metal-CNT interface to both metallization
lines (top and bottom metallization), as well as the resistance contributions from the
incorporated CNTs within the vias.
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(a) TiN
(b) Ta
Figure 8.1.: Comparison of the cumulative frequency plot of the resistance of two
wafers with a (a) conductive TiN and (b) an oxidized 10 nm Ta bottom
metallization capping layer, revealing the impact of the HF treatment
on the resistance of the CNT based vias. For this evaluation CNT based
vias with a diameter of 5 µm are considered.
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For further clarification, cAFM measurements have been carried out on several
bottom metallization capping layers before the deposition of the top metallization.
Therefore, the electrical performance of the same via was analyzed before and after
the HF treatment. The results are shown in Figure 8.2. Within those measurements
only the contact resistance of the bottom metallization contact metal to the CNTs
and the intrinsic CNT resistance can contribute to the measured resistance.
Figure 8.2.: Resistance of one MWCNT in vias before and after HF treatment mea-
sured by cAFM.
For all samples a drop in resistance by at least 30% is observed. In the case of
the TiN the average resistance of an individual CNT is decreased by a factor of 1.8,
being in excellent agreement with the factor of 1.9 obtained on wafer level for fully
integrated vias.
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Discussion
After an ideal CMP process it is anticipated that the CNTs are leveled with the ILD.
However, morphology investigations verified that CNTs protrude from the ILD. In
addition, SEM plan view images seem to reveal a thickening of CNTs which is
attributed to electrostatic charging of non-conductive materials. Since the CNTs are
conductive, it can be concluded that a thin SiO2 film remains at the CNT sidewalls.
The sidewalls can be removed by an isotropic exposure to HF vapor. After the
implementation of such a process, the surface roughness inside the via increases and
the jut of the CNTs in comparison to the ILD is enhanced confirming the successful
removal of SiO2 without causing morphological damage to the CNTs. Further,
electrostatic charging due to the presence of insulating material is reduced, which
reduces the apparent CNT diameter in SEM top view images, as illustrated in Fig.
8.3. The same figure also contains a schematic illustration of the embedded CNT tip
before and after the HF treatment.
(a) no HF (b) with HF
Figure 8.3.: SEM plan view of a 5 µm via (a) before and (b) after HF treatment
The resistance of an end-bonded metal-CNT contact depends on the length the
CNT is embedded in the metallic matrix and the strength of the metal-CNT bonding
[73]. According to Nemec et. al [73], for Ti an embedding length beneath 4 nm
would cause an enhanced contact resistance. Thus, the decrease in resistance for the
TiN bottom contact sample can be attributed to the improved embedding of the CNT
into Ta or Ti, respectively. The results and interpretations are consistent with the
recent results presented by Lee et.al. [86].
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However, during cAFM investigations, current mappings revealed no enhancement
of the yield of the CNTs within the vias due to the HF treatment. In contrast to the
cAFM measurements performed before the deposition of the top metallization, the
electrical properties of the fully prepared vias, including the top metallization, are
influenced by the contact resistance of the interface between the CNTs and the top
metallization contact material. Hence, the tremendous yield improvement has to be
attributed to the CNT top metallization interface. The case for the Ta-CNT interface
is discussed, here. Figure 8.4 shows a HRTEM bright field image of the CNT-Ta
interface after HF treatment, including the appropriate scheme. Within the image the
arrows indicate the direction of CNT growth. As can be seen in the image a 8 nm
thick interfacial layer is present between the embedded CNT based via and the Ta
top metallization contact material.
Figure 8.4.: HRTEM investigation of the top metallization Ta-CNT interface after
HF treatment was applied
Within the film oxygen and carbon has been found, indicating that the Ta partially
oxidizes during processing. The thickness correlates well with the Ta2O5 film
thickness found by Laurila et.al. [161, 162]. Their investigation of the Ta-O-C phase
diagram [162] revealed that the formation of an amorphous Ta[O,C] layer will occur
at a oxygen contamination level below 1 at-%.
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Figure 8.5 shows schematically the impact of the HF treatment and thus explains
the strongly improved yield after the HF treatment.
(a) (b)
Figure 8.5.: Schematic of the CNT - contact metal cross section (a) without and (b)
with HF treatment, prior to the deposition of the top metallization.
An average CNT has an outer and inner diameter of 20 nm and 6 nm respectively.
Hence, the innermost CNT wall is 7 nm away from the sidewall. Assuming that
the formation of the 8 nm thick Ta[O,C] layer originates also from the SACVD
silicon oxide covered outermost shell of the CNT, all shells of an average CNT with
a diameter of 20 nm form a high resistance amorphous tantalum oxide - CNT shell
interface, instead of a low resistance Ta - CNT contact. After the HF treatment the
CNT tips protrude out more from the SACVD embedding layer and the oxidized
layer on the sidewall is removed, hence the amorphous oxide film is beneath the
actual CNT tip. In this way all CNT shells form a CNT-Ta contact with a much lower
resistance. The fact that some vias also work on samples that were not HF treated
can be attributed to local variations of the CNT diameter.
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8.2. Influence of the top contact material
Three types of contact materials Ti, Ta and TaN were used to contact the CNTs. On
top of this layer the top metallization was sputtered, without exposing the contact
material to air. For Ta based materials a copper top metallization was used, while for
Ti an Al metallization was utilized. After HF etching the CNT tips are protruding out
approximately 30 nm from the ILD, hence 50 nm of the contact metal were sputter
deposited to achieve a good embedding of the CNT tip into the contact material. The
electrical results of three wafers with a TiN based bottom metallization but different
CNT-metal line contact materials are compared in Figure 8.6.
Figure 8.6.: Cumulative frequency plot of resistance considering CNT based vias
with TiN as contact material at the bottom metallization and a diameter
of 5 µm, employing different top metallization contact materials.
The comparison revealed that the metallic contact materials provide vias with a
lower resistance compared to the TaN, while the performance of a Ta top metallization
is slightly superior compared to Ti as contact material.
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Discussion
Nihei et.al. demonstrated that the formation of a carbide is required to achieve a low
metal-CNT contact resistance [61]. As shown in the table 8.1, the formation of a
metal carbide at the metal-CNT interface can occur at room temperature. In contrast,
carbide formation is not occurring spontaneously at the TaN-CNT interface even at
temperatures up to 600 °C, which causes an increased contact resistance.
Table 8.1.: Gibbs standard energy of formation of interface reactions [12, 163, 164]
Reaction Gibbs energy (∆G)
Ta + C → TaC ∆G = -144.1 kJ/mol + T * 4.8 J/molK
Ti + C → TiC ∆G = -184.5 kJ/mol + T * 12.2 J/molK
TaN + C → TaC + 0.5 N2(g) ∆G = 108.2 kJ/mol - T * 62.3 J/molK
The differences between Ta and Ti can be attributed to the strength of the carbon
metal bond. After HF etching, the bond metal-CNT contact length is 20 nm. This
exceeds the required 4 nm for the Ti-CNT contact [73]. For Ta no such studies
exist at the present, however, literature indicates that the tantalum - carbon coupling
is generally weaker compared to the titanium - carbon bond. First, the Gibbs free
energy of the TaC is higher than the one of TiC. Secondly, the average metal-carbon
bond length of organometallics is slightly larger for Ta compared to Ti [165]. Due to
the weaker coupling of Ta to the CNTs, a Ta contact is supposed to outperform a Ti
based one [73]. For the same reason an optimized Ta-CNT contact should require a
contact length above 4 nm [73].
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8.3. Impact of annealing procedures on the
electrical performance of a CNT based via
Temperature annealing
Temperature annealing was reported to decrease the CNT based via resistance [42, 80,
86, 91]. Fig. 8.7 reports the change in resistance of of the same fully prepared CNT
based via, including the bottom and top metallization, before and after annealing the
complete structure at 400 °C for 30 min in a 20% hydrogen containing forming gas
atmosphere. The process numbers within the figure refer to variations in the process
flow during CNT based via preparation and are summarized in table 8.2.
(a) (b)
Figure 8.7.: Effect of temperature annealing on the resistance of the CNT based via
with a (a) Ta-CNT and a (b) Nitride-CNT interface at the M1 line11.
Table 8.2.: Overview of the process flows, which are compared in Figure 8.7 to
evaluate the impact of temperature annealing on CNT based vias.
Number M1 contact CMPa HFb M2 contact
1a 1 nm Ta yes yes 50 nm TaN
2a 10 nm Ta yes no 50 nm Ta
3a 10 nm Ta yes yes 50 nm Ta
4a 10 nm Ta no no 50 nm Ta
5a 10 nm Ta yes no 50 nm Ta
6a 10 nm Ta yes yes 50 nm Ta
1b 20 nm TaN yes yes 50 nm TaN
2b 10 nm TiN yes no 50 nm Ta
3b 10 nm TiN yes yes 50 nm TaN
4b 10 nm TiN yes yes 50 nm Ti
a Refers to whether the samples was planarized 6.
b Refers to whether the HF treatment was applied 8.1.
11The results are originating from CNT based vias with a diameter of 5 µm.
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If CNTs were grown on Ta, a reduction in resistance is observed. The process
labeled 1 had only a 1 nm Ta layer, while the contact layer was 10 nm thick on
the other wafers. In contrast, for the nitrides (1 with TaN and 2-4 with TiN) an
increase in resistance is measured, with the notable exception for process number
2. In process number 2 no HF etch was applied previous to the deposition of the Ta
metal top contact, which is why the improvement in resistance has to be attributed to
an improved reliability of the top contact. Independently of intermediate processes
for all wafers, an increase in the rate of yield was observed.
Several wafers with different bottom metallizations were also investigated by
means of cAFM after the HF treatment and after annealing. The results are summa-
rized in Figure 8.8.
Figure 8.8.: Effect of annealing on the resistance of an individual CNT on different
bottom metallizations capping layers12.
The cAFM investigations prove that temperature annealing is beneficial for the
resistance of an individual via. In the case of Ta and TiN a reduction in resistance
was observed, while for TaN the measured resistance remained constant.
12The cAFM sample with a 1 nm Ta layer at the bottom metallization was damaged after the HF
treatment and thus shows an enhanced resistance after HF treatment and after annealing in
comparison to the data presented earlier.
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Discussion
The temperature treatment influences both the bottom and the top metallization. It
could be confirmed that the emergence of a metal carbide-CNT interface reduces the
interface resistance [72, 166]. Similarly to tungsten and titanium, tantalum also forms
stable carbides. However, the tantalum oxide is strongly favored thermodynamically,
which is why tantalum oxidizes in the presence of oxygen atoms. An additional
formation of carbides at the applied conditions is feasible for a thin Ta and a TiN
based bottom metallization [152]. In contrast, no effect of the annealing procedure
could be confirmed for the TaN bottom metallization capping layer. This is due to the
higher stability of TaN inhibiting reactions at the interface. However, the electrical
characterization of fully incorporated vias showed an increase of the overall via
resistance after annealing for all nitrides. One potential reason for this behaviour
is emerging stress in the bottom metallization, causing a slight increase of the
measured resistance values, while due to the experimental procedure, the effect on
the resistance values obtained by cAFM is negligible. This is confirmed by additional
morphological defects occurring after annealing and observed during the cAFM
investigations. In contrast to the cAFM measurements, the annealing procedure also
affects the top metallization of fully incorporated vias, which is based on Cu or Al.
If the interface between the line metal (Cu or Al) and the CNT contact metal (Ta
or Ti) is imperfect, the metal line delaminates causing an increase of the measured
resistance. One example of this effect is shown in the SEM cross section below.
Figure 8.9.: Delamination of the Cu line due to an imperfect layer stack at the top
metallization.
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High Current annealing
A second method to reduce the contact resistance of an insufficient contact is high
current annealing [83]. Therefore, a current of 0.3 mA is imposed onto the via struc-
tures and the required voltage is measured, to obtain the respective I-V characteristic.
The results are provided in Figure 8.10.
(a) (b)
Figure 8.10.: I-V-characteristic of the same CNT based via with a diameter of 5 µm
(a) during current annealing and (b) at low currents after the structure
was subject to a maximum current given in the legend.
The initial I-V characteristic is strongly nonlinear. After a current of 3 mA is
imposed, the resistance based on a linear regression is reduced from 7.5 kΩ to 2.7 kΩ.
However, a slight curvature remains. Once the structure was exposed to 30 mA, an
ohmic I-V characteristic is achieved and the resistance is further reduced to 175 Ω.
Discussion
This effect can only be observed, if a high resistance contact is investigated. During
the high current annealing, the wafer is locally heated at the CNT-metal interface.
Hence, the same mechanism as during temperature annealing applies, leading to
an improved overall conductance of CNT based vias with insufficient metal-CNT
contacts. If large variations of the metal-CNT contact occur on one wafer different
optimal currents are required to anneal the contacts. On the other side CNT based
vias with a low contact resistance can be degraded by the high current annealing.
For example, electromigration of the Cu bottom metallization can occur in this case.
Hence, each via would require a separate treatment, making this procedure unsuitable
for the fabrication of ULSI circuits.
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9.1. Typical I-V characteristic of CNTs
Considering the I-V characteristic of the structures an ohmic behavior between -
100 mV to 100 mV is observed. However, at increased voltages the I-V characteristic
becomes non-linear and the via conductance increases, as shown in Figure 9.1.
Figure 9.1.: Typical I-V characteristic of a CNT based via at high bias13.
13The I-V characteristic was obtained from a CNT based via with a diameter of 5 µm and a Ta-CNT
interface at the bottom metallization.
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Discussion
As explained in chapter 2 the number of conductive channels in a MWCNT depends
on the diameter of the shell, the temperature and the applied bias. While at low bias
the number of conductive channels remains constant with a small change in the bias
leading to a conductor satisfying Ohms law [28], once a voltage larger than 200 mV
is applied the number of conductive channels increases linearly with the applied bias
[167].
Figure 9.2 replots the I-V characteristic shown in Figure 9.1 as the vias measured
conductance against the applied voltage, clearly confiming that the non-linear char-
acteristic of the observed I-V characteristic has to be attributed to the increase of
the number of conductive channels at higher bias voltages. This effect was already
observed numerous times by other researchers, as it is a characteristic feature of
MWCNTs [168–172].
Figure 9.2.: Conductance Gvia - V characteristic of a CNT based via
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9.2. Qualitative determination of the importance of
the contact resistance to the overall via
resistance
Figure 9.3 plots the obtained TCR against the resistance of the respective via on two
different wafers.
Figure 9.3.: Temperature coefficient of resistance depending on the initial resistance
of the via14.
Discussion
A short MWCNT with a diameter of 20 nm has a temperature coefficient of resistance
at 25 °C of -2.0*10-3 K-1 [45]. On the contrary, all other materials employed within
this work have a positive TCR (refer to table 9.1) [173].
14The data presented are based on CNT based vias with a diameter of 5 µm with the difference
originating from the bottom metallization using a TiN contact (Low contact resistance) and a
TaN-CNT contact (High contact resistance).
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Table 9.1.: Temperature coefficient of the resistance of various materials. The values
corresponds to the TCR of the bulk material at the reference temperature
of 25 °C and is valid in the temperature range from 0 °C to 100 °C.








TiN 1.0 - 2.0 [158, 174]
MWCNT -2.0 [45]
Hence the evaluation of the TCR of the CNT based via allows to qualitatively
benchmark the contribution of the CNT-metal contact resistance to the resistance of
the complete via. If a CNT based via show a TCR below -2.0*10-3 K-1 the drop in
resistance with increasing temperature can only originate from a reduction of the
contact resistance. The measured TCR for vias exhibiting a low resistance contact to
the CNTs is confined to values in the range of -0.9*10-3 K-1 to -1.1*10-3 K-1, which
is slightly above the TCR expected for perfect MWCNT with the same diameter [45].
However, the presence of defects within the incorporated CNTs causes a reduction
of the CNT’s mean free path, which is accompanied by an increase in resistance with
increasing temperature. Thus, the difference between the TCR of perfect MWCNTs
and the measured TCR of integrated CNTs is expected.
In contrast, if during the via preparation materials which lead to a high metal-
CNT contact resistance are employed, a TCR below -2.0*10-3 K-1 is obtained. In
addition, a linear dependence between the resistance of the investigated via and
the TCR is observed, which can be explained if an activation energy EA at the
interface dominates the temperature dependence of the overall via resistance, which
is described by Equation 9.1, kB and T being the Boltzmann constant and the
temperature, respectively.
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9.3. Resistance of the incorporated CNTs
In order to quantify the impact of the CNT quality to the via resistance, three wafers
with different via heights were prepared, having a nominal thickness of the interlayer
dielectric of 150 nm, 500 nm and 800 nm, respectively. During the preparation a TiN
bottom metallization capping layer and a Ti-CNT contact at the top metallization
were utilized. All wafers were planarized by CMP and a HF treatment was carried out
prior to the deposition of the top metallization, while the electrical results presented
within this chapter were obtained after temperature annealing. The cumulative
frequency plot of all three wafers for two serially connected 5 µm vias is provided in
Figure 9.4.
Figure 9.4.: Cumulative frequency of the resistance of two serial connected 5 µm
vias with different nominal ILD thicknesses.
In Figure 9.5 the median resistance is plotted against the nominal ILD height,
revealing a linear dependence, separating the resistance of the via in a length depen-
dent term R(l) ∗ hvia and a term corresponding to the metal-CNT contact resistance
RC. However, with this procedure a negative contact resistance is obtained, which
clearly reveals that the assumption of classical transport is not suitable to describe
the via resistance. In addition, a larger spreading of the resistance values is observed
for longer nanotubes. Also the performance of vias with smaller diameters were
evaluated revealing the same trend of an increased variation of the resistance values
with longer nanotubes. This is accompanied by the lower yield of conductive vias
for smaller diameters.
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Figure 9.5.: Median resistance of the CNT via from three different wafers with
varying nominal ILD thicknesses. The error bars indicate the 1st and
3rd quartile, respectively, while the dashed line corresponds to a linear
fit with the parameters provided in the diagram
Complementary, the dependence of the CNT vias resistance on the temperature
was evaluated in steps of 5 °C for each temperature in the range of 20 °C to 60 °C.
The via resistance of 6 chips from different positions on the wafer were determined
and an example is shown in 9.6 and with those data the linear temperature coefficient
at 25 °C was calculated for each CNT based via.
Figure 9.6.: Temperature dependent resistance of three CNT based vias with different
lengths of the incorporated CNTs.
116
9.3. Resistance of the incorporated CNTs
As shown in Figure 9.7, a strong correlation between the TCR and the initial
resistance of the CNT based via exists for all evaluated vias with the same geometry.
In contrast, the hollow data points correspond to vias with a diameter of 5 µm, which
have less CNT vias in their surroundings compared to the structures indicated by
the filled data points. This highlights that the geometry of the mask layout has an
important impact on the properties of the CNT based vias at the applied integration
process.
Figure 9.7.: TCR in dependence of the via resistance at 25 °C for three different
nominal ILD thicknesses. The hollow points correspond to 5 µm vias
that are more isolated than the vias for the filled data points.
For further clarification the two wafers are discussed separately. In addition, for
each wafer the real thickness of the ILD was evaluated at different positions. For this
the height of the PADs was measured before and after the removal of the ILD by a
HF treatment with a profilometer. The obtained height difference corresponds to the
real height of the ILD, giving a good approximation of the real CNT via height.
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Short CNT based vias
For short CNT based vias a real distance of about 100 nm is obtained. For the
different investigated positions on the wafer the average CNT via resistance are
plotted against the measured ILD height, while the error bars corresponding to the
standard deviation (Figure 9.8). For this wafer only minor dishing effects occur,
hence the error bars of the height assignment are large in comparison to the deviation.
In addition, the much weaker spread of the values of resistance has to be taken into
consideration. Nevertheless, the increase of the obtained resistance values with the
CNT height is small, but significant.
Figure 9.8.: Plot of the length dependent resistance on a wafer with a comparable
thin ILD layer. The dashed lines correspond to the two extreme cases,
indicating the spreading of the length dependent resistance values.
The two linear fits marked by dashed lines indicate the worst case scenario with a
high CNT resistivity, while the line with the lower slope corresponds to CNTs with a
comparable lower resistivity. For the upper boundary a slope of (16 ± 3) mΩnm-1 is
obtained, while for the lower boundary a value of only (3 ± 1) mΩnm-1 is determined.
Taking into account the CNT density and the via area, an effective resistivity rCNT of








Thus, an effective resistivity of (12 ± 6) Ωnm-1 and (66 ± 22) Ωnm-1 is obtained
for the lower and upper boundary, respectively. Assuming classical transport, the
effective resistivity is determined solely by the number of conductive channels M
and the mean free path Lm. This allows the determination of the localization length
Lloc according to Equation 9.3.
Lloc = MLm = R0/rCNT (9.3)
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Based on this, for the sample with short CNT based vias a large spread of the
localization length in the range from 150 to 2100 nm is extracted.
Considering the temperature dependence a plot of the initial conductance in
relationship to the TCR provides a linear relationship as highlighted in Fig 9.9.
Figure 9.9.: Plot of the obtained TCR relative to the initial via conductance for short
CNTs.
In the case of short CNTs, the overall via resistance is likely to be determined
by the contact resistance, while the impact of the intrinsic CNT resistance is length
dependent and thus small for short nanotubes. In this case the resistance and conduc-
tance (Gvia) can be described by 9.4:
Rvia ≈ R0NviaM (9.4a)
Gvia = 1/Rvia ≈ (1/R0) ∗ Nvia ∗ M (9.4b)
The linear temperature dependence of the number of conductive channels per CNT
M explains the linear relationship between the TCR and the vias conductance.
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Chemical composition of the vias cross-section
For this type of structure for one via a cross-section analysis was performed to
validate if during the deposition of the top metallization metal penetrates into the
via forming conductive metallic paths, which would contribute to the improved
conductance of the short CNT vias. A FIB cut of a 5 µm via with a resistance of
0.1 Ω was prepared and the chemical composition within the via was evaluated by
means of EDX line scans. As revealed by line scans at three different positions
(Figure 9.10) a clear separation between the bottom and the top metallization was
observed, with an enhanced carbon signal between the metal lines. In the region
Figure 9.10.: EDX line scan through a CNT based via cross section extracted by
FIB.
where the Cu is depleted traces of the elements Ti and Ta could be detected, which
can be attributed to the intermediate layers between the Cu film and the CNTs, while
within the via region the amount of metals was below the detection limit. At the
interface between the top metallization and the CNTs no significant amounts of Ti
could be detected, which according to the Ti - Al phase diagram can be attributed to
the formation of TiAl alloys, which is confirmed by the large grains observed in the
SEM image [175]. Further, the incorporation of carbon and traces of oxygen within
this layer is likely, which further reduces the intensity of the Ti peak during EDX
measurements.
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The dark-field image of the complete via cross-section and a higher magnified
region from the center of the wafer is provided in Figure 9.11, illustrating that
no detectable amount of heavy elements is present between the top and the bottom
metallization. In the center of the via no conductive metal paths could be detected; the
(a) Overview
(b) High magnification
Figure 9.11.: SEM cross-section of the dark field image of (a) the complete via and
(b) a magnified fraction from the via center.
overview reveals that close to the undercut the top metallization partially penetrates
deeper into the via structure. However, neither the EDX line profiles nor the dark
field images provide evidence for a metal-metal contact between the bottom and
the top metallization. Nevertheless, the sensitivity of both measurements may be
insufficient to detect low metal contaminations, especially if the signal is screened
by the silicon oxide and the CNTs in the surrounding. At this stage future EFTEM
investigations will provide further insight towards the contamination levels.
121
9. Electrical properties of the carbon nanotubes within the via
Long CNT based vias
For longer CNTs the length dependent resistance may have a significant impact on
the overall via resistance. The plot of the average chip resistance in relation to the
average ILD height is presented in Figure 9.12.
Figure 9.12.: Plot of the length dependent resistance on a wafer with a comparable
thin ILD layer for long CNTs. The dashed lines correspond to the
two extreme cases, indicating the spreading of the length dependent
resistance values.
On the wafer a significant length dependence is observed with smaller ILD heights
at the wafer edge, originating from dishing and erosion effects during planarization.
Again a large variation of the resistance values is observed, while the upper and lower
boundary can be fitted each by an exponential behavior according to Equation 9.5
with the fitting parameters A and B.
Rvia = A (exp(hviaB)) (9.5)
For the strong exponential growth the fitting parameters A and B are determined
to be (0.011 ± 0.012) Ω and (0.015 ± 0.002) nm-1, while for the lower boundary
the numerical values of A and B are (0.31 ± 0.36) Ω and (0.006 ±0.002) nm-1,
respectively. Assuming Anderson localization, the localization length B is calculated
according to Lloc = 1/B, which corresponds to a spread of the localization length in
the range from 60 to 250 nm.
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Similarly to the short CNT based vias, the correlation between the conductance
and the TCR is illustrated in Figure 9.13, which again reveals a linear relationship
between those two parameters. However, in contrast to the short CNT vias, the slope
is much steeper, revealing that the mechanism which determines the correlation
between the CNT via conductance and the obtained TCR has changed.
Figure 9.13.: Plot of the obtained TCR relative to the initial via conductance for long
CNTs.
Estimation of the localization length based on the CNT
structure
The diameter of CNTs grown on a blanket substrate was investigated by TEM,
revealing a typical outer diameter of the as grown MWCNT of (20 ± 5) nm, while
the inner diameter is consistently a factor 3 smaller. Based on the inner and outer
diameter the number of conductive channels is estimated according to Equation 2.11
to be 26 ± 10 (refer to section 2.7 for details).
Secondly, the ID/IG ratio obtained by Raman spectroscopy provides the crystallite
size of the carbon structure (Equation 4.2), and thus an estimation of the CNT quality.
Based on the ID/IG ratio of 1.35 ± 0.05 a crystallite size of (12 ± 1) nm is obtained,
which is a rather large defect density for CNTs. According to the Matthiessen rule,
the mean free path of CNTs with a high defect density is predominately determined
by the defect density, itself [28, 176]. Thus, the crystallite size obtained by Raman
spectroscopy provides a rough approximation of the mean free path for defective
CNTs [177]. Based on those approximations in correspondence to non-electrical
measurements, the localization length (Lloc = M ∗ Lm) is estimated to have a value of
(312 ± 146) nm.
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Discussion
The afore mentioned results indicate that the length dependent resistance contribution
of the integrated CNTs is not negligible. Even the lowest obtained effective resistivity
of (12 ± 6) Ωnm-1 is high in comparison to the literature values obtained for high
quality CNTs [43, 44, 47, 171, 178]. For CNTs incorporated into vias, Chiodarelli
et.al. [49] performed length dependent electrical measurements and extracted a mean
free path of 4.7 nm for a CNT with a diameter of 9 nm, while assuming only two
conductive channels. Nevertheless, they observed a linear relationship between the
CNT based via height and the CNTs resistance and calculated an effective resistivity
of 1.39 kΩnm-1 [49]; this is even high compared to the uppermost limit of the
samples presented here which exhibit an exponential growth of the resistance with
height. In order to explain those contradictions, it should be noted that the phase
coherence length of an high quality MWCNT is about 60 nm at room temperature
[50, 51]15. The phase coherence length of SWCNTs is slightly larger [180, 181].
According to theory, the majority of introduced additional defects do not reduce
the phase coherence length [52]. Thus, the assumption of classical transport and
the obtained linear relationship in [49] are inherently contradicting the theory of
mesoscopic transport [52]. Nevertheless, a linear relationship could be obtained if
the CNT length significantly exceeds the localization length and the phase coherence
length since in this case the Anderson regime is restricted to the length Lph instead of
the CNT length. Hence, in this case the resistance of the CNTs is mainly determined
by the number of segments within the localized regime, which is proportional to the

















Equation 9.6 also highlights the importance of variations of the localization length
along the tube length, which can origin from variations of the number of walls or the
number of incorporated defects in a particular CNT segment with the approximation
on the right hand side assuming a constant localization length along the nanotube.
Gomez-Navarro et.al. [40] obtained a localization length in the range of 100 to
500 nm at room temperature for SWCNTs, while observing exponential growth of
the CNTs resistance with length. They concluded that the CNT length should exceed
3 to 10 times the length of the localization length to clearly observe the exponential
growth. Their localization length exceeds the expected phase coherence length of
SWCNTs, but strong localization features were observed nonetheless.
15For Langer et.al. Lph is extrapolated to room temperature from the data provided in [51].
If the data of Sojetz et.al. [179] are extrapolated to room temperature, a phase coherence length
Lph of only 20 nm is obtained.
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In the case of MWCNTs one requirement for strong localization is the onset of
weak localization. Weak localization effects were observed for CNTs with a diameter
of 20 nm, which is comparable to the diameter of the CNTs incorporated into the vias.
However, some inconsistencies exist in literature. Langer et.al. [51] consistently
explain their results by the 2D weak localization theory, while Schoenenberger et.al.
[50] applies 1D weak localization theory to describe the measured results using
similar CNTs.
Considering the results obtained here, a spread in the effective resistivity along two
extremes is observed, which indicates that different conduction mechanisms apply.
This is supported by the temperature dependent measurements. Furthermore, the
onset of strong localization resistance occurs if the resistance of a material exceeds
2R0 [52, 57]. Considering the length dependence of the CNT resistance extracted
from the short CNT based vias, measurable strong localization behavior onsets at
(390 ± 130) nm and (2150 ± 1075) nm for the upper and lower bound of the length
dependent resistance, respectively. For the long CNT based vias the two extrem
fitting curves intercept at a via height of 370 nm, which is in surprisingly good
agreement to the value extracted from the upper bound of the short CNT based vias.
Nevertheless, it should be highlighted that a clear assignment to a transport regime
is not possible based on the available data, because process variations have to be
taken into account. For further in depth analysis a better control of the CNT height
and a detailed analysis of the structure of the CNTs at different positions and during
the CNT growth is required to assign a special transport regime or a mixture of
different regimes within one CNT. However from the data it can be concluded
that the classical transport is not sufficient to accurately describe the resistance of
defective CNTs. Hence, an improvement of the CNT quality is required to improve
the performance of the CNT based vias.
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9.4. Comparison of the prepared CNT based vias
with metal vias
To benchmark the results obtained within this work the resistance of a metal and
a CNT based via with a diameter of 12 nm is calculated, using the size corrected
resistivities for Cu of 16 µΩcm [6] and 30 µΩcm for W [182]. In addition, the
theoretical calculations of several CNT based vias are included, assuming perfect
CNT metal contact and diffusive transport with mean free paths of 1 µm and 10 µm
for SWCNTs and MWCNTs, respectively. In the case of low quality MWCNTs, the
resistance according to the Anderson localization regime with a localization length of
200 nm is utilized. Considering the number of conductive CNT shells the following
assumptions are taken into account:
1. Uniform hexagonal closed packed filling of the via with 6,6 armchair nanotubes
2. Hexagonal closed packed filling of the via with SWCNTs of random chirality
and an average diameter of 1 nm
3. The vias are filled with one MWCNT consisting solely of shells of metallic
chirality and with a minimum inner diameter [183]
4. The vias are filled with one MWCNT having the experimentally observed ratio
of the inner to the outer diameter of 0.3 [27].
5. High quality CNT with the experimentally determined CNT density of 2.1*1010 cm-2
with 25 conductive shells per CNT.
6. Low quality CNT within the Anderson localization regime assumes a local-
ization length of 200 nm and the experimentally determined CNT density of
2.1*1010 cm-2 with 25 conductive shells per CNT.
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Further, experimental values from this work and from literature reports are in-
corporated into the diagram, while the resistance of the CNT within the report is
normalized to a 12 nm via Rnorm by applying the following Equation 9.7, with Rvia
and dvia being the experimentally determined CNT based via resistance and the via
diameter, respectively:






Several aspects can be highlighted using Figure 9.14.
Figure 9.14.: Resistance of a 12 nm metal via compared to the theoretical and exper-
imental performance of a CNT based via. Literature values: (a)-[86],
(b)-[85], (c)-[49], (d)-[184]
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In order to outperform Cu densely packed metallic SWCNTs are required. Tak-
ing into consideration the projections of the International technology roadmap for
semiconductors [6], such a 12 nm via has an aspect ratio of 1.9 which gives a via
height of 21 nm. Hence, for such a short length only the hexagonal closed packed
metallic SWCNTs can outperform Cu. An increasing aspect ratio relaxes CNT
density requirement. The current state of the art CNT based vias are based on
MWCNTs. Especially, the number of shells and the CNT densities are not sufficient
to outperform metals at the intermediate or M1 level. As can be seen in Figure 9.14,
for short vias a large number of defects has only a minor impact on the overall via
resistance. Hence, for vias in the M1 or the intermediate level of an integrated circuit
the improvement of the CNT density is the major goal. In Figure 9.14 it is also
obvious that with increasing via heights the CNTs are outperforming metals due to
their large mean free path. Still, the number of shells has a crucial impact on the
overall via resistance, but the longer the CNTs are the less important the density
becomes. Instead, the number of defects per CNT is more important, because most
defects reduce the mean free path of the CNT. In the worst case this may even lead
to strong localization. One potential application for such long CNTs are "Through
silicon vias" (TSV) within the 3D technology. Here, for vias with a diameter of
800 nm an aspect ratio of 10:1 even up to 20:1 are projected, leading in the extreme
case to via heights up to 160 µm. Even though the resistivity of Cu in such vias is
reduced by an order of magnitude, even a realistic MWCNT density is sufficient
to outperform conventional metals in this case, as long as the long mean free path
of the CNTs can be sustained. This means that for this application a high quality
growth is the main goal; depending on the technology flow this may be limited by
the CNT growth temperature budget.
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alternative embedding approach
Within this chapter the feasibility of the integration concept to downscale the via
diameter is presented. In addition, an alternative embedding approach is discussed.
10.1. Downscaling of the via diameter
For the design of small via diameter, the same process flow as described in the
earlier section was employed, using a TiN capping layer at the bottom metallization.
E-beam lithography was performed to pattern the via holes. An SEM plan view
image (Figure 10.1(a)) shows CNT growth out of a 150 nm via, which proves that
downscaling of the via diameter is possible with the process sequence developed
within this work. Even down to vias with a diameter of 80 nm CNT growth can be
achieved. However, as can be seen in Figure 10.1(b) the majority of the vias are not
opened.
(a) (b)
Figure 10.1.: SEM plan view of CNT growth within a via with a diameter of (a)
150 nm and (b) 80 nm after insufficient W patterning.
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Discussion
The plasma etching rate of the materials are prolonged if high aspect ratio structures
have to be patterned because the time required for the etchant to penetrate into the
structure as well as the removal of the gaseous etching product are slowed down
[185]. The smaller etching rate is the reason why the W layer is insufficiently etched
with the standard procedure prior to the removal of the SiO2 by wet chemistry for
vias with a diameter below 100 nm. To counterbalance this effect, the time of the
dry etching step was enhanced by 500%, which corresponds to a etching time of
375 s. Once the etching time is prolonged, even the smallest vias with a diameter of
15 nm are opened. However, within those vias no CNT growth was observed, which
can be attributed to the aspect that the applied CNT growth process yields CNTs
with a diameter of (20 ± 5) nm. Hence, further optimization of the catalyst thickness
and the growth process would be required to achieve successful CNT growth in
small vias. Nevertheless, the unoptimized process scheme appyling a 2.3 nm thick
Ni catalyst can be utilized to grow one single MWCNTs in vias with a diameter of
25 nm with a yield of about 10%, as can be seen in Fig 10.2.
Figure 10.2.: SEM plan view of CNT growth of vias with a diameter of 25 nm16.
16The standard CNT growth procedure was applied, but the CNT growth time was restricted to 4 min.
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10.2. Improved embedding with conductive
material
The embedding used within this work applies the decomposition of TEOS by a
SACVD process as well as the embedding methods referred in literature [81, 86, 88,
96] fill isolating material into the spaces between CNTs. However, for the overall
conductance of the via it would be beneficial to use a material which itself is a
conducting interconnect material. Initial research was performed using Cu-ALD
[149]. However the low wettability of Cu on carbon is detrimental to a homogeneous
coating. In addition, Cu will be deposited on the via sidewalls and reliability
issues related to Cu diffusion would arise. Therefore, filling of the vias using an
insitu TiN-barrier/Cu deposition CVD process [186] was investigated. Besides
the fact that this layer stack is conductive, a further benefit is that the deposition
process is oxygen free. Thus, a very good interface to the TiN substrate can be
expected. The TiN deposition on the CNTs is based on a process for diffusion
barrier deposition in a CVD copper metallization scheme. There, the TiN layers
[186] are produced by a multistep process consisting of alternating pyrolysis steps
of the metal-organic precursor and plasma treatment steps. The pyrolysis of the
tetrakis(dimethylamino)titanium (TDMAT) results in a TiN layer, containing a high
amount of carbon and hydrogen impurities due to the incorporation of precursor
fragments into the film. Consequently, the layers have a high resistivity, which also
increases after exposure to air [186]. The subsequent N2/H2 plasma process densifies
the film and reduces the carbon and oxygen impurities. In the standard process 5 nm
of the low quality TiNCO are deposited, followed by a plasma densification process.
In figure 10.3 the SEM cross section after different processing steps are shown.
(a) pristine (b) thermal (c) plasma
Figure 10.3.: SEM cross section of CNT vias after TiN deposition. (a) pristine
sample (b) sample after pure thermal TiN deposition and (c) sample
after TiN plasma densification
On the left side the pristine condition can be seen. On the image in the middle,
the CNTs were subject to a pure thermal TiN process without plasma densification.
In this case the TDMAT thermally decomposes and the products interact with the
CNTs sidewalls. Thereby the CNT thickness increases by 10-15 nm. On the right
hand side a standard TiN deposition process, consisting of 8 cycles, was applied.
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Each cycle contains 5 s of TiNCO deposition followed by a plasma densification
step. The Raman spectra of all three samples are shown in figure 10.4.
Figure 10.4.: Normalised Raman spectra (λ = 514nm) of CNTs after TiN deposition
The plasma ions have a certain penetration depth. Once a covering layer on the
CNTs sidewalls are formed, the standard TiN deposition process can be applied to
increase the TiN film thickness. The duration of the thermal decomposition of the
TDMAT step was varied, followed by a single plasma densification step and the
prepared samples were investigated by means of TEM and Raman spectroscopy.
Figure 10.5 plots the ID/IG ratio observed by Raman measurements against the
duration of the TDMAT decomposition. Initially, the ID/IG ratio increases due to the
Plasma damage of the CNTs. With a prolonged period, corresponding to a thicker
covering layer, the ID/IG ratio drops further, even below the value of the pristine
sample. After a 60 s long TDMAT pyrolysis the ID/IG ratio is as high as that of the
pristine CNTs.
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Figure 10.5.: Change of ID/IG ratios obtained by Raman spectroscopy after time
variation of the TiN pyrolysis step. The dashed line indicates the ID/IG
ratio of the pristine sample.
On all three samples two types of CNTs could be found (Figure 10.6). In one
CNT type the complete CNT is covered with particles. By means of EELS on those
CNTs nitrogen and titanium were found. On the second type, the CNT sidewalls are
not decorated with particles. At such nanotubes only titanium, but no nitrogen, was
found by EELS. In both cases oxygen impurities could be detected. Between the
individual samples the distribution of TiN covered and Ti covered nanotubes differ.
If the TDMAT pyrolysis step is prolonged, the type distribution shifts towards TiN
covered nanotubes.
(a) 10 s (b) 40 s (c) 60 s
Figure 10.6.: TEM investigations of TiN covered CNTs after different duration of
the TiN pyrolysis step.
Considering the homogeneity of the TiN/Ti coating on top of the carbon surface,
energy filtered TEM investigations were performed. The result is shown in figure
10.7. The TiN film is homogeneously covering the whole CNT, which is attributed
to the good wetting behavior of Ti on carbon surfaces [64].
After those initial investigations an initial 50 s deposition pyrolysis step was done,
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Figure 10.7.: Energy-filtered TEM separating carbon and titanium after a single
plasma densification step following 60 s of TDMAT pyrolysis
followed by a subsequent plasma densification. Once this protecting TiN layer is
established, the TiN thickness can be tuned by applying a standard process without
damaging the CNTs. After 10 cycles, consisting of a 5 s long pyrolysis, followed by
a plasma densification step, a conformal TiN layer with a thickness of approximately
(30 ± 5) nm is deposited. The thickness estimation is based on SEM images, which
causes the relatively high error. After this procedure an ID/IG ratio of 0.96 ± 0.05
was obtained, while on a pristine sample from the same wafer a value of 0.95 ± 0.05
was measured. Figure 10.8 shows the SEM cross section image of a CNT based via,
where the interspacings between the CNTs are filled by TiN. Subsequently, 100 nm
Cu were in-situ deposited by the process described by Riedel et.al. [187].
Figure 10.8.: SEM cross section of a CNT based via filled with TiN and a Cu top
metallization
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Discussion
The findings of the Raman spectroscopy and the TEM investigations can be explained
by the incorporation of nitrogen into the CNTs. During the TDMAT decomposition
nitrogen can be incorporated into defective sites on the surfaces of the MWCNT,
which would improve graphitization of the MWCNT, unless this effect is counter-
balanced by the damage due to the plasma treatment as it is the case for the sample
with only a 10 s TDMAT decomposition prior to the densification process. Further,
the widening of D and G band observed in the Raman spectra (Figure 10.4) confirm
the presence of nitrogen doped CNTs within those samples [188]. In addition, it
explains the occurrence of two distinguishable types of CNTs.
The major benefit of this embedding scheme is that it completely avoids additional
oxidation during the embedding procedure. In addition, the interspaces between the
CNTs are filled with conductive material, hence a reduced via resistance is expected.
Further, the subsequent in-situ Cu deposition may simplify the integration processes
between Cu based and CNT based interconnections and CNTs can be incorporated,
where they are most suitable, without loosing the compatibility to the established
technology. To further improve the conformality of the metal in the interspacings, a
transition from a CVD based process towards an ALD process is considered [149].
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11.1. Summary
Process flow and contact resistance
CNT based vias were prepared and the electrical properties as well as the microstruc-
ture and the elemental composition at the contacts were investigated. The focus of
this work is on the development of a suitable process flow to minimize the resistance
of CNT based vias, while at the same time failure mechanisms and the quality of
the CNTs were investigated. To achieve compatibility with the current technology,
Copper was incorporated into the bottom metallization line. Intermixing of Cu with
Ni alters the catalytic properties of the Ni catalyst and thus has a detrimental impact
on the CNT quality; a TaN diffusion barrier has to be incorporated between the Cu
layer and the catalyst, thus achieving reliable and vertically aligned CNT growth
in via holes. Due to their potential to form carbides, the lowest CNT-metal contact
resistance was achieved by applying non-noble metals. However, this can only be
achieved if a good CNT-metal contact interface is provided and the presence of
oxygen is ruled out, because those metals form stable insulating oxides, which sig-
nificantly increases the contact resistance. Hence, the process flow has to minimize
the risk of oxidation, which can be done be applying a TiN or TaN capping layer
on top of the bottom metallization or by using an extremely thin metallic liner (Ta,
although Ti is also likely to be suitable), which forms a reducible surface oxide
that can be removed during the nanoparticle pretreatment procedure, leading to the
carburization of the metal film during the CNT growth process. In the case of the
top metallization, CMP is required to achieve a smooth transition from the CNT,
to the non-noble contact metal to the final main line material Cu and Al. A suffi-
cient extension of the CNT-metal contact interface is provided by an HF treatment,
which not only increases the contact interface, but also removes silicon oxide from
the CNT sidewalls. Other contact formation approaches such as thermal and high
current annealing were evaluated and can be applied as a stand alone or additional
procedures. The electrical data presented are based on a process flow which requires
the embedding of the CNTs in a silicon oxide in preparation for CMP. Such a process
ultimately may lead to oxidation of the bottom metallization capping layer and thus
have a negative impact on the overall CNT based via resistance, which is why an
alternative embedding process using the conformal deposition of TiN within the
CNT interspace was developed. This approach eliminates the risk of oxidation and
in addition fills the CNT interspaces with conductive material, and hence should
lead to a reduced via resistance. At this stage electrical results for this alternative
embedding approach are planned for the future. In brief, taking into account the
observation of Sato et.al. for TiO2 [74], the BEOL compatible materials evaluated
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form the following ranking, with the one on the left exhibiting the lowest and the
one to the right the highest CNT-contact material contact resistance:
Ta(C) ≤ Ti(C) < TaN ≤ TiN << TiO2 << Ta2O5 (11.1)
It can be concluded that a Ta(C) or a Ti(C) contact is close to an ideal transparent
contact. By means of cAFM the resistance of an individual MWCNT after integration
can be measured, and once the number of CNTs per via is taken into account the
overall resistance can be estimated. If a reliable top metallization is applied this
method is highly accurate and the impact of post planarization treatments can be
evaluated, as illustrated in Figure 11.1.
Figure 11.1.: Resistance of integrated CNTs on TiN after different process proce-




A variation of the via height on three different wafers revealed a significant contri-
bution of the CNT quality onto the overall via resistance, which is attributed to the
presence of strong localization effects observed for the MWCNTs. Only for short
vias the CNT quality is sufficient to provide a high via conductance. It could be
shown that the ID/IG ratio obtained by Raman spectroscopy is a good indication for
the CNT quality and even a rough estimation of the electrical properties is feasible.
Mappings obtained by Raman spectroscopy, in conjunction with electrical evaluation
by cAFM, confirmed that degradation of the CNT quality significantly enhances the
resistance of an incorporated CNT, which is accompanied by morphological defects
after planarization. A qualitative separation of the impact of the contact resistance
and the resistance contribution of the CNTs due to their length and quality is possible
through the evaluation of the temperature coefficient of resistance of individual vias.
If the TCR has a value in the range of 0 K-1 to -2.0*10-3 K-1 the contribution of the
CNTs to the overall via resistance is significant, due to an insufficient CNT quality
for the respective CNT length. A TCR with a value below -2.0*10-3 K-1 can neither
be attributed to the CNTs nor to the metal lines and hence indicates an insufficient
and low quality metal - CNT contact. Further, the plot of the TCR versus the initial
via resistance exhibits the same relationship throughout a series of wafers, revealing
that process inhomogeneities have only a minor effect on such a plot. In addition,
this method highlights the importance of the CNT via geometry on the resistance of
CNT based vias, which is determined by the mask layout. This effect most likely
originates from the impact of local differences on the CNT quality.
Scalability and usability
Further aspects were described which are important to implement CNTs in the state
of the art technology. Growth of CNTs at low temperature was demonstrated and
a semi-quantitative model was applied to account for the observed CNT growth
kinetics. Further, the scalability towards smaller via diameters was demonstrated.
In addition, an alternative embedding approach was presented, which is expected to
further reduce the overall CNT based via resistance, by avoiding the oxidation of the
bottom metallization - CNT interface and filling the interspaces between CNTs with
conductive material.
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11. Summary and outlook
11.2. Outlook
Additional research will be devoted towards further optimization of the integration
process. For instance, the incorporation of a suitable dielectric CMP stop layer
(Si3N4 or SiC) will improve the reliability and the homogeneity of the integration
process. In addition, the advanced concepts discussed will be electrically evaluated,
including the scaling of the vias to smaller diameters, the electrical evaluation of
CNT based vias on a patterned bottom line as well as the impact of embedding the
CNTs into a conductive matrix. Also, procedures are currently evaluated which aims
to avoid or to at least minimize the widening of the via through the wet etching of
the interlayer dielectric.
Furthermore, and most importantly, future work has to be devoted to improve
the quality and density of the incorporated site selective grown CNTs. In-situ
characterization methods such as in-situ Raman spectroscopy and in-situ mass
spectroscopy will provide the means to evaluate the data and quickly improve the
CNT growth kinetics leading to a higher CNT quality and a higher CNT density.
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A. Temperature distribution in the
chemical vapor deposition chamber
The temperature is a crucial parameter determining CNT growth characteristics. To
provide a reproducible CNT growth regime the temperature was monitored at the
graphite heater and the graphite sample holder by K thermoelements. For calibration
purposes a typical CNT process was employed without a substrate, and the sample
holder temperature at different heater temperatures was measured (Figure A.1(a)).
Within the relevant CVD conditions, it was found that the linear relation,
Tsampleholder = a ∗ Theater + b (A.1)
with the constants a = 1.023 and n = -138.07 °C, can accurately describe the sample
holder temperature after a 10 min long CNT growth process.
To verify the homogeneity a Si wafer equipped with thermoelements was employed
for calibration purposes. The temperature was measured at 7 positions on the
wafer. Figure A.1(b) visualizes the deviation from the readout of the sample holder
temperature.
For a typical CVD process at 610 °C a difference of 1.5% was observed, which
causes a temperature difference of approximately 10 °C between the outer and
inner position. At lower temperatures the deviations are larger. In the case of the
BEOL compatible temperature budget of T < 450 °C, a difference of 2.5% could be
determined. The temperature gap between the center and the edge of the 100 mm
wafer is also 10 °C. This calibration procedure neglects the effects of the chemical
reactions occurring during CNT growth. In addition, the bottom metallization as
well as the presence of ILD during the processing of CNT vias may influence the
heat distribution on the wafer compared to the pure Si wafer calibration.
141
A. Temperature distribution in the chemical vapor deposition chamber
(a)
(b)
Figure A.1.: Calibration of the temperature within the CVD chamber and on the
wafer
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B. X-ray diffraction evaluation on blanket
substrates
The feasibility of Ta, TaN and TiN as conductive substrate for CNT growth was
evaluated. For each substrate, samples with a thick film (TiN, TaN = 100 nm;
Ta = 50 nm) and a 2.3 nm Ni catalyst film were prepared. Subsequently for all
three substrates XRD spectra were obtained in the pristine configuration, after a
nanoparticle formation treatment, and after CNT growth. All spectra were measured
in grazing incidence with an angle of 0.5° on a XRD3000PTS instrument using the
Kα −Cu line with a wavelength of 0.15406 nm.
For the Cu diffusion barriers TaN and TiN no change between the different treat-
ments were observed and the X-ray diffractogram for both nitrides is ploted in
B.1.
Figure B.1.: X-ray diffractogram of the investigated nitrides. The position of the stars
correspond to the literature values provided in the X-ray diffractogram
database [157] and are positioned according to the relative intensities.
(PDFs - TiN: 01-071-0299; TaN: 00-049-1283)
In the case of TaN the large width and the low intensity of the peaks indicates
a fine grained structure. Based on the fundamental reflex at 35.8° and utilizing
the Scherrer equation [189], the crystalline coherence length perpendicular to the
sample plane can be estimated to be 4 nm. The diffractogram of the TiN samples
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B. X-ray diffraction evaluation on blanket substrates
revealed that the reflex at 36.6° has a narrow width and high intensity. Based on this
peak the crystalline coherence length of the TiN is estimated to be 18 nm, while
the fundamental reflex of TiN (200) is missing in the diffractogram, indicating the
preferential growth of (100) TiN, which typically occurs for TiN grown on SiO2 [76].
In contrast, for Ta large variations of the signal which depends on the pretreatment
were observed (Figure B.2).
Figure B.2.: X-ray diffractogram of the investigated Ta films after different treat-
ments. The position of the stars correspond to the literature values
provided in the X-ray diffractogram database [157]. (PDFs - Ta: 01-
072-4882; TaNx: 00-025-1279; Ta2O5: 00-025-0922)
Starting originally with a Ta layer, the Ta film oxidises during the scope of the CNT
growth process. This clearly reveals that oxidation processes occur and suggests the
presence of oxygen in the CVD chamber, Even though H2 is available in the atmo-
sphere. Indeed, the difference between the CNT covered and the sample exposed to
the nanoparticle formation can be attributed to the permanent presence of H2 and the
quicker cooling procedure of the nanoparticle formation treatment. The assignment
of the diffractogram after nanoparticle pretreatment is less straightforward. On one
side, bands emerge that can be well assigned to a nitrogen deficient hexagonal TaN,
while on the other side bands assigned to Ta2O5 and metallic Ta are present. Most
likely after nanoparticle pretreatment a mixture of those different phases is present.
As reported by [190], the formation of the stable Ta(O,C) phase would be consistent
with the findings since this phase is mainly determined by Ta2O5 reflexes.
144
C. Influence of the carbon nanotube
growth substrate thickness on the
carbon nanotube growth properties
Different thicknesses of Ta layers and a subsequent 2.3 nm Ni film were deposited
by PVD. The morphology of the film after nanoparticle formation treatment and the
corresponding SEM images after the CNT growth process are shown in Figure C.2.
With increasing Ta thicknesses an underlying morphology develops during the
nanoparticle pretreatment, which is very likely related to grain growth and/or sur-
face reactions occurring during the nanoparticle pretreatment, which inhibits the
separation of the catalyst nanoparticles and thus influences the CNT growth kinetics.
Raman spectroscopy confirmed that a higher CNT quality is achieved if the Ta
thickness is minimised. However, even for the sample with a 50 nm Ta layer CNTs
were found during TEM investigations (Figure C.1), clearly indicating that the under-
lying morphology mainly inhibits vertically aligned growth, causing entanglement
between CNTs grown from nearby catalyst particles.
Figure C.1.: HRTEM image of a CNT grown on a 50 nm thick Ta CNT growth
substrate.
145




Figure C.2.: (Left) AFM images after nanoparticle formation and (Right) SEM im-
ages after CNT growth with different underlying Ta thicknesses of (from
top to bottom) 1 nm, 5 nm and 50 nm.
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D. Consideration of the maximum carbon
nanotube density and the dewetting
limit
The maximum CNT density ρCNT in the hexagonal closed packed limit can be
calculated by Equation D.1, if the diameter d of the CNT is known [107, 191, 192].
ρCNT =
2√
3 (d + δ)2
(D.1)
However, since each shell of a MWCNT can carry a current the density of CNT
shells is the dominant factor in the electrical properties of a CNT. The number of walls
per CNT is given by Equation 2.5. Taking further into account the experimentally
determined ratio of the outer to inner diameter to 0.3 the density of CNT shells can
be estimated by the following approximation, with A being a length constant having
the value of 1 nm:
ρshells =
2√
3 (d + δ)2
∗ (d/A + 1) (D.2)
This would be the theretical limit for the CNT density, however normally during
CVD only one CNT grows per catalyst particle. The mechanism for nanoparticle
formation applied within this work is based on a dewetting process driven by the
minimization of the surface energies between the catalyst and the underlying support
layer, during the CNT growth process the initially closed catalyst film is converted
into nanoparticles [105, 192]. The contact angle θ between the catalyst and the un-
derlying substrate is determined by Young’s equations and taking into consideration
the conservation of the catalyst film, the nanoparticle diameter DNP can be estimated
based on the initial catalyst film thickness hcat [192]:






This equation is crucial in order to determine the dewetting limit of the nanoparticle
formation. Since each CNT requires a nanoparticle during CVD the nanoparticle
density is the upper limit for the CNT density. Experimentally we confirmed by
TEM cross section that for all investigated support layers a contact angle in the range
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D. Consideration of the maximum carbon nanotube density and the dewetting limit
of 60° - 100° was observed, with a tendency towards a contact angle of 60 °. Thus
the nanoparticle density can be calculated solely based on the obtained diameter:
ρNP = 0.5piD2NP (D.4)
The evaluation of the obtained nanoparticles by AFM and through CNT statistics is
obtained plotted in conjunction with the theoretical limit. Even though the evaluation
by AFM might overestimate the nanoparticle diameter it is obvious that the obtained
nanoparticle density is close to the dewetting limit, while in contrast the evaluation
of the as grown CNTs in conjunction with TEM statistics is significantly below
the dewetting limit, indicating that some nanoparticles are inactive during the CNT
growth process.
Figure D.1.: Theoretical hcp limit and dewetting limit relative to the diameter as well
as the experimental values obtained after CNT growth (TEM statistics)




A cumulative frequency plot is used to illustrate the statistic distribution of the mea-
sured data. Within this work all cumulative plots are considering the distribution of
the measured via resistance, with the measured resistance plotted on the y-axis and
the respective probability on the x-axis. The cumulative frequency at a certain resis-
tance thereby corresponds to the percentage of vias that have a measured resistance
below or equal to this threshold.
Particle evaluation and CNT density determination
The imaging software Olympus-Scandium was applied to evaluate AFM and SEM
top-view images. AFM images were evaluated after the nanoparticle formation
procedure in order to obtain the distribution of the size, shape and height of the
formed nanoparticles. In addition, SEM plan-view and AFM images were evaluated
after the CMP or HF etching process, respectively, providing an estimate of the
lateral CNT size and the CNT density within the process flow.
For the evaluation first the obtained AFM or SEM image is converted into a
gray scale image and the "watershed procedure" provided in the software is applied.
This causes the separation of the image into several characteristic segments, which
depending on the measurement are associated with the dimensions of the CNTs
(SEM and AFM) or the catalyst nanoparticles (AFM). All recognized segments
are evaluated. However, characteristic boundary conditions for the shape and the
maximum height of the segments are introduced to ensure that regions where the
where the "watershed procedure" failed are not taken into consideration in the
statistical evaluation. This is especially important at the edges of the evaluation
region. (AFM images - nanoparticle evaluation; Via undercut for SEM images) Each
segment is evaluated individually to provide the desired properties of the sample.
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E. Statistical evaluation
Example: CNT density evaluation of a SEM plan-view image
after HF treatment
Figure E.1.: Example of the detection of the number of CNT obtained on a SEM
plan-view image17.
Example: Evaluation of the nanoparticle distribution based
on an AFM image
Figure E.2.: Example of the detection of the nanoparticles obtained on an AFM
image. During the evaluation the image is converted into a gray scale
image.
17Especially at the edge of the via some regions without CNTs are recognized and counted; hence
the determined CNT density within this work is potentially overestimated. Subsequently, the
determined resistance of single MWCNTs can be systematically higher than their real resistance.
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F. Equipment employed during integration
Within this chapter the equipment used during the integration process is described in
more detail. Especially, the parameters used for the sample preparation are provided.
Physical vapor deposition
The metal and metal-nitrides were sputter deposited on a MRC 643 tool fabricated
by the Materials Research Corporation, while the thin Ni catalyt film was deposited
by electron beam evaporation on a FHR MS150 x 4 tool. The applied deposition time
and the other relevant deposition parameters are provided in the subsequents Tables.
For the PVD processes the samples were not heated.
Table F.1.: PVD of the materials incorporated into the bottom metalliza-
tion














DC Power 500 W 500 W 1000 W 1000 W





12 s 74 sc
184 sd
36 s
a Thickness and deposition time of Cu in the bottom metallization.
b Thickness and deposition time of Cu in the top metallization.
c Thickness and deposition time of TaN in the bottom metallization.
d Thickness and deposition time of TaN as contact material in the top metallization.
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F. Equipment employed during integration
Table F.2.: PVD of W, Ti, Al and Ni
Material W Ti Al Ni
Film thick-
ness
25 nm 50 nm 500 nm 2.3 nma
Applied gas
flow
37 sccm Ar 39 sccm Ar 51 sccm Ar None




Pressure 2.0 Pa 1.3 Pa 2.0 Pa 75 mPa
Deposition
time
22 s 89 s 112 s 115 sa
a The deposition rate of this deposition is 0.02 nm/s. Hence, the deposition time is
adjusted according to the desired film thickness.
Chemical vapor deposition
The ILD and the SACVD process were performed in a Precision 5000 DxZ CVD
chamber of Applied Materials. The relevant deposition parameters for the different
ILD thicknesses and for the SACVD embedding procedure are provided in Table F.3
and Table F.4, respectively.
Table F.3.: ILD CVD
Material SiO2-PECVD SiO2-PECVD SiO2-PECVD









Temperature 400 °C 400 °C 400 °C
Power 400 W 400 W 75 W
Pressure 360 Pa 360 Pa 413 Pa
Deposition
time
48.6 s 29.1 s 29.4 s
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Table F.4.: Embedding material
Material SiO2-SACVD
Film thickness 300 nm






Deposition time 120 s
Lithography
For the patterning of the vias a Waferstepper GCA DSW 6300C was used. In order
to remove the resist OiR 906-12 by Plasma ashing is performed in a Plasma etcher
STP 2020 with the relevant parameters supplied in Table F.5
Table F.5.: Description of the applied parameters for the ashing of the resist
Applied gas flow 2950 sccm O2
295 sccm N2
Microwave power 1850 W
Pressure 160 Pa
Temperature 60 °C
Process time 1800 s
The same instrument was also used to remove the resist after patterning the Al-
based top metallization. On the contrary, if a Cu-based top metallization was applied
the resist was removed in aceton after the wet etching of Cu.
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F. Equipment employed during integration
Etching procedures
Dry etching procedures
To etch the via holes and to structure the respective test vehicle dry etching as well
as wet eching procedures were employed. The dry etching was isolating material
was performed on the Plasmalab System 100 ICP device supplied by the company
Oxford Instruments Plasma Technology. The typical parameters for the removal of
the different ILD thicknesses are provided in Table F.6.
Table F.6.: Description of the applied etching parameters to remove the ILD
Material 750 nm SiO2 450 nm SiO2
Instrument Oxford Oxford




Bias Power 50 W 50 W
Pressure 1 Pa 1 Pa
Temperature 10 °C 10 °C
icp Power 1300 W 1300 W
Etching timea 206 s 82 s
a The provided etching times is a typical value, because the etching time
and the etching depth was checked for each charge and sometimes
required adjustments.
For the removal of the metals and metal-nitrides two instruments were applied.
This being the SECON XPL251 for the removal of W, Al and Ti based and the
Leybold 301 for the removal of Ta based materials. The relevant parameters for the
etching procedures are summarized in Table F.7.
Table F.7.: Description of the applied etching parameters to remove metals
Material 25 nm W TaN/Ta Ti/Al
Instrument XPL251 LE301 XPL251




Bias Power 50 W 80 W 55 W
Pressure 3.5 Pa 3 Pa 40 Pa
Temperature 20 °C 20 °C 45 °C
Etching time 60 s 180 s 290 s
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Wet etching procedures
Wet etching was performed for the removal of Cu and SiO2 with the applied chem-
istry and etching time described in detail in Table F.8. All chemicals applied are
solved/buffered in water. In addition, the HF treatment of the CNT via applied after
planarization involved the heating of an HF reservoir and the subsequent exposure of
the wafer to the HF vapor. In order to remove the HF by evaporation from the wafer
surface after the HF treatment, the sample was annealed on a hotplate at 150 °C.
Table F.8.: Wet etching parameters
Material 200 nm SiO2 500 nm Cu 20 nm SiO2
(HF treatment)
Chemistry 17 vol-% HF 40%
83 vol-% NH4F 40%
(NH4)2S2O8 1% HF vapor
Temperature 20 °C 20 °C 60 °C
150 °C on hotplate
Etching time 50 s 300 sa 20 s
600 s on hotplate
a The wafer is exposed to the etching solution until the Cu is visibly removed. The provided
etching time is thus only a typical value.
Chemical mechanical planarization
The CMP of the CNT based vias was performed using an adapted procedure for
SiO2-CMP applying a Klebosol 1508 slurry and an IC 1000 polishing Pad, both
provided by the Dow Chemical Company, on a IPEC 472 tool. For polishing, a
pressure of 3 psi (≈ 20.7kPa) was applied for 3 min with a rotation speed of 38 rpm18
and 42 rpm of the CMP plate and the CMP head, respectivley.
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1. The performance of state of the art integrated circuits is determined by the
interconnect system, which is predominately determined by the resistance and
the capacitance of the materials employed. With ongoing miniaturization the
resistivity of Cu increases tremendously due to surface and side wall scattering
of electrons.
2. CNTs have outstanding physical properties. Besides the favorable electrical
properties such as a large mean free path and a strong resistance against
electromigration, CNTs also have a high thermal conductivity. The mechanical
properties are favorable for interconnect applications as well, making them the
ideal candidate to replace Cu in ULSI systems.
3. Currently, no feasible solutions to integrate CNTs in lines are known, while
CNTs can be integrated into vias applying a damascene process. The prepara-
tion of CNT based vias using solely CMOS compatible processes is possible.
4. Based on the investigated materials, the contact resistance of a CNT to the
contact material increases within the following sequence:
Ta(C) > Ti(C) » TaN > TiN » TiO2 » Ta2O5
5. Before the deposition of the top metallization, planarization of the CNT based
vias is required to ensure a reliable contact between the contact material and
the CNTs. In addition, CMP allows to contact all conductive CNT shells.
6. A TiN-CVD process can be performed to embed the CNTs in the vias without
significantly degrading the quality of the CNTs. Hence, this method is feasible
as a replacement for the embedding of the CNTs into dielectrics to avoid
oxidation and degradation of the bottom metallization - CNT contact.
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7. A HF treatment after CMP removes surfacial oxides and enhances the pro-
trusion of the CNT tips. Thus, this procedure reduces the M2-CNT contact
resistance and improves the yield of the CNT based vias.
8. Temperature annealing in a reductive atmosphere is a CMOS compatible
process, which reduces the metal-CNT contact resistance. A high current
treatment is a non-scalable process, which can also reduce the resistance of
CNT based vias.
9. After evaluation of the CNT density, the I-V characteristic of an individual
MWCNT obtained by cAFM can be used to predict the performance of a
CNT based via and to benchmark the impact of integration procedures after
CMP. The introduction of a correction factor can account for multiple CNTs in
contact to the AFM tip, which extends this evaluation procedure to planarized
vias with a high CNT density.
10. If during the growth of CNTs Cu penetrates into the Ni catalyst, the growth
kinetics are altered. Hence, a TiN or TaN diffusion barrier is required to
separate the Ni catalyst and the Cu-line, which also provides an interface to
integrate CNTs into the state of the art Cu technology.
11. On the Ta-Ni system the CNT growth kinetics can be described by a strongly
simplified model, which employs the reaction equilibrium of the decompo-
sition of ethene. At a high temperature carbon diffuses quickly; hence, the
propagation of the CNT growth front is predominately determined by the
partial pressure of the carbon precursor. At a low CNT growth temperature,
the slow diffusion of carbon is the rate limiting step. In this case, not the ethene
partial pressure, but the hydrogen partial pressure determines the propagation
of the CNT growth front. As a major drawback, this model does not take the
smaller height and diameter of the catalyst nanoparticles at low temperatures
into account.
12. The incorporation of large diameter MWCNTs simplifies the integration pro-
cess, because the probability of a MWCNT to show metallic behavior is high,
making it an ideal system to study the impact of integration processes and
contact materials.
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13. The TCR of CNT based vias correlates with the resistance of the vias. This
correlation can provide a methodology to evaluate the temperature dependent
electrical parameters such as the mean free path, the phase coherence length
and the number of conductive channels. In addition, local variations depending
on the wafer geometry can potentially be extracted. However, the data obtained
within this work are not sufficient to extract a clear relationship.
14. A TCR of a CNT based via below -2*10-3 K-1 indicates that the resistance is
mainly determined by a poor electrical contact between one metallization line
and the incorporated CNTs.
15. The CNT quality can be estimated by the ID/IG ratio obtained by Raman
spectroscopy. The crystallite size using the Tuinstra-Koenig equation provides
a good estimation of the mean free path within the CNT.
16. In dependence of the number of conductive shells, the quality, and the length,
different regimes of electrical transport can describe the conductance of each
CNT in a via. The overall performance of the CNT based via is described by
the average performance of all CNTs and the number of the CNTs within the
via.
17. It is feasible to miniaturize the CNT based via integration scheme developed
here. MWCNTs were successfully grown in via holes with a diameter of
25 nm. Optimization of the CNT growth process allows further downscaling
of the size of the CNT based vias.
18. In order to replace metals as conductive materials by CNTs two major chal-
lenges have not yet been solved. In particular, for short interconnects an
increase of the density of conductive CNT shells is important and particularly
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